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A B S T R A C T   

The mitigation of climate change, abatement of greenhouse gas emissions and thus, fundamentally, the sepa-
ration of CO2 from various gas streams are some of the most pressing and multifaceted issues that we face as a 
society. De-carbonising our entire civilisation will come at a great cost and requires vast amounts of knowledge, 
initiative and innovation; yet, no matter how much time or money is spent, some sectors simply cannot be de- 
carbonised without the deployment of carbon capture and storage technologies. The technical challenges asso-
ciated with the removal of CO2 are not universal – there exists no single solution. Capturing the CO2 on solid 
sorbents has been gaining traction in recent years given its cost-effectiveness as a result of its ease of application, 
relatively small energy requirements and applicability in a wide range of processes. Even with the myriad ma-
terials such as zeolites, carbons, metal organic frameworks, mesoporous silicas and polymers, the challenge to 
identify a sorbent with optimal capacity, kinetics, selectivity, stability and ultimately, viability, still persists. By 
tailoring these solid materials through comprehensive campaigns of surface modification, the pitfalls of each can 
be mollified and the strengths enhanced. This highly specific tailoring must be well informed so as to understand 
the mechanisms by which the CO2 is adsorbed, the surface chemistry that has influence on this process, and what 
methods exist to facilitate the improvement of this. This review endeavours to identify the surface functional 
groups that interact with the CO2 molecules during adsorption and the methods by which these functional groups 
can be introduced. It also provides a comprehensive review of the recent attempts and advancements made 
within the scientific community in the experimental applications of such methods to enhance CO2 capture via 
adsorption processes. The primary search engine employed in this critical review was Scopus. Of the 421 ref-
erences cited that embody the literature focussed on surface modification for enhancing the selective adsorption 
of CO2, 370 are original research papers, 43 are review articles and 7 are conference proceedings.   

1. Introduction 

The unavoidable concerns surrounding global warming and climate 
change can clearly be seen in every aspect of society from technology to 
politics. As a result of sustained public pressure in the UK in the early 
summer of 2019 the UK government’s response was to declare a climate 
emergency in June thereby announcing a target of net zero greenhouse 
gas emissions compared to the 1990 levels by the year 2050 [1]. If we 
are to successfully avoid a global rise in temperature of less than 2 ◦C as 
set out in the Paris Agreement targets [2], technologies such as Carbon 
Capture and Storage (CCS) are indispensable. Most integrated assess-
ment models are unable to find a solution to meet these targets without 
the use of CCS [3]. CCS as defined by the Intergovernmental Panel on 
Climate Change is a three-stage strategy for reducing CO2 emissions [4] 

encompassing the: separation; transportation; and storage of CO2. The 
first accounting for around two thirds of the total cost [5]. This high cost 
has rendered its large-scale deployment insurmountable [6] even with 
governmental incentives and regulatory drivers the promise to mitigate 
large volumes of CO2 has not been met. CCS is the only available tech-
nology that can deliver significant reductions in anthropogenic emis-
sions not only from the use of fossil fuels in power generation but also 
from those sectors that are proving to be notoriously difficult to decar-
bonise such as cement manufacturing, iron and steel production, 
refining and the petrochemical industry [7]. 

Among many available CCS technologies, absorption has been the 
most conventional and industrialised option for large-scale applications 
with economic feasibility [8]. The limitations of this process however, 
are far reaching and include substantial energy costs, regeneration 
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difficulties among concerns of toxicity and further pollution with the 
majority of existing, conventional solvents [9]. To date, a number of 
separation technologies have been explored, including physical ab-
sorption, chemical absorption, cryogenics, oxyfuel combustion, mem-
branes and adsorption. As a basic, yet effective tool for the separation of 
gaseous mixtures in industrial processes, adsorption, a surface energy 
phenomenon, has often been favoured over other methods such as ab-
sorption, decomposition or precipitation due to its advantages that 
include precursor accessibility, ease of handling in regeneration and 
cost-effectiveness [8]. The success of this approach depends on the 
development of an optimum adsorbent with high uptake, fast kinetics, 
good selectivity, low-cost, high-availability, cyclic stability, mechanical 
and chemical strength and an easy regeneration regime [7,10–12]. 
Throughout the literature there are myriad materials used for the se-
lective capture of CO2 such as: activated carbon (AC) [13–20], activated 
carbon fibre (ACF) [21–23], carbon nano-tubes (CNT) [24–31], gra-
phene and graphene-based materials [32–39], organic polymers 
[40–43], molecular sieves [44–47], zeolites [48–56], metal organic 
frameworks (MOFs) [57–62], microporous coordination polymers 
(MCPs), zeolitic imidazolate frameworks (ZIFs) [63–67] and metal ox-
ides [68–70]. Despite all these advancements, it has been learnt that 
zeolites suffer from issues when gas streams contain moisture or impu-
rities [71]; MOFs can be costly and difficult to produce at scale therefore 
deemed less feasible for industrial applications [72]; and carbons can 
suffer from significant reductions in capacity at elevated temperatures. 
Evidently and undeniably, each type of material has its own individual 
limitations hindering their large-scale deployments, hence, surface 
modifications may be employed to provide improved sorption 
characteristics. 

Physical adsorption is caused mainly by van der Waals force and 
electrostatic forces between adsorbate molecules and the atoms that 
compose the adsorbent surface [73]. The surface properties of the 
adsorbent such as polarity corresponds to its affinity with polar sub-
stances. Zeolites, a class of porous crystalline aluminosilicates are built 
of a periodic array of TO4 tetrahedra (T = Si or Al), the presence of 
aluminium atoms in the these silicate-based molecular sieve materials 
introduces negative framework charges that are compensated with 
exchangeable cations in the pore space (often alkali cations) [74]. These 
characteristics enable them to adsorb gases such as CO2. The physical 
adsorption of CO2 onto zeolites is predominantly influenced by the CO2 
molecules interacting with the electric field generated by the 
charge-compensating cations; by exchanging these ions with various 
alkali or alkaline earth species the capacity can be increased [75]. 
Alongside zeolites in the physical adsorbent class are carbons. Here, the 
physical adsorption of CO2 relies on the existence of suitable porosity 
but can be influenced quite significantly by the presence of various 
functional groups. It has been shown that carbons with basic surface 
groups can be more resistant to moisture and possess more active sites 
for the adsorption of CO2 [76]. The importance of basic sites in the 
facilitation of CO2 adsorption can be seen in metal-based sorbents, 
especially those that possess a low charge/radius ratio which possess a 
more ionic nature and present more strongly basic sites [10]. With 
metal-based adsorbents such as magnesium oxide or calcium oxide the 
CO2 reacts to form metal carbonates where 1 mol of oxide can chemi-
cally adsorb the stoichiometric equivalent of CO2. These alkali metal 
ions can also be doped into the framework of hydrotalcite materials with 
a view to modify their chemistry and improve the relatively low ca-
pacities. Evidently, multiple parameters affect the overall process per-
formance and economics of adsorption [74]. With physical adsorbents, 
generally their capacities are a function of surface area and surface af-
finity towards CO2 while chemical sorbents can possess wildly varying 
properties based upon the nature of their interactions with CO2. 

Enhancement of the interactions between CO2 molecules and the 
sorbent can be achieved through various campaigns of surface modifi-
cation techniques. Among the new directions for these modifications is 
pore functionalisation using polar groups such as hydroxy, nitro, amine, 

sulphonate, imidazole, triazine, imine, etc. [77]. When considering these 
surface functional groups (SFGs) for the purpose of adsorbent modifi-
cation, a thorough understanding of their effects and synergistic re-
lationships with one another, the adsorbent and the adsorbate, is key 
before attempting to identify the method with which to incorporate 
them. These SFGs can either be introduced prior to adsorbent synthesis 
via careful selection or modification of the precursors where CO2-philic 
moieties would then form during the synthesis protocol or alternatively, 
through post-synthesis modification (PSM) where functional groups are 
attached to the surface of the adsorbent. PSM often negates the draw-
backs associated with the former at the expense of fully controlled 
loading of the SFGs, although this can be avoided. With the pre-synthesis 
protocol where the introduction of SFGs occurs prior to severe acid-
ic/basic chemical activations or extreme thermal treatments, it becomes 
time-consuming and nontrivial to protect the selected SFGs. This is 
before considering that a number of side reactions may occur due to 
competition with other functional groups in the reaction media [78]. 
The advantage then lies with post-synthetic modification [79] especially 
when considering the convenient scale-up of production [80]. 

The identification and characterisation of the functional groups 
present on the surface of adsorbents is just as complex, owing to the 
convoluted behaviour that SFGs possess. Conventionally, elemental 
analysis would be used as the primary method for qualitative and 
quantitative analyses; however, it lacks the capacity to identify SFGs. 
Various techniques can be used such as Boehm titration [81,82], tem-
perature programmed desorption (TPD) [83,84], x-ray photoelectron 
spectroscopy (XPS) [85–87], Fourier transform infrared spectroscopy 
(FTIR), Raman spectroscopy [88–90] and nuclear magnetic resonance 
(NMR) [58,91,92]. The authors direct the reader to a number of reviews 
published on the use of these techniques for surface characterisation 
published by Wepasnick et al. [93], González-García [94], Igalavithana 
et al. [95], Lopez-Ramon et al. [96] and Zhou et al. [97] although this 
list is not exhaustive and the body of literature available on the topic is 
vast. 

This review will provide a comprehensive evaluation and assessment 
of the mechanisms by which CO2 is selectively adsorbed and the routes 
to the enhancement of this surface phenomena. By giving precedence to 
the specific surface functional groups that can facilitate the adsorption 
of CO2, the scope of this work is to describe the functionalities that give 
rise to the interactions between the adsorbent and CO2. Thereon, an 
extensive and thorough discussion of the materials and methods that 
promote their introduction is made. In the following section (Section 2) 
the mechanisms of adsorption, both physical and chemical will first be 
identified. The subsequent section (Section 3) will then endeavour to 
discuss the interactions that arise as a result of the presence of specific 
functional groups in the context of O-heteroatom(s) (Section 3.1), N- 
heteroatom(s) (Section 3.2), S-heteroatom(s) (Section 3.3) and a selec-
tion of others (Sections 3.4 and 3.5). The sections thereafter will focus on 
the experimental methods employed in introducing the aforementioned 
groups (Section 4) with respect to physical (Section 4.1) and chemical 
(Section 4.2) modifications and finally the reagents that can be used for 
this purpose (Section 5). 

2. Adsorption mechanisms 

The overall process of adsorption consists of a series of steps. When 
the fluid flows past the particle the solute first diffuses from the bulk 
fluid to the gross exterior of the surface, then the solute diffuses inside 
the pore to the surface of the pore where the solute will then be adsorbed 
onto the surface [98]. Since adsorption can only occur on the surface, 
increasing porosity can increase the available space for adsorption to 
occur. Pore sizes can be classified as either macropores (>50 nm), 
mesopores (2 nm–50 nm) and micropores (<2 nm) [99]. The mecha-
nisms of adsorption then can be divided into two stages: the diffusive 
mechanisms, i.e. how the CO2 molecule is transported to the active sites 
in the pores of the adsorbent; and the adsorption mechanisms, i.e. how 
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the CO2 molecule is adsorbed on the surface via molecular reactions or 
interactions with various functional groups. 

With respect to the first stage, four distinct mechanisms of mass 
transport exist: molecular or bulk diffusion; Knudsen diffusion; surface 
diffusion; and Poiseuille flow [100–102]. Aside from Poiseuille flow 
which is a function of pressure difference across the adsorbent the other 
transport mechanisms are a function of temperature: molecular pro-
portional to T3/2, while Knudsen diffusion is a function of T1/2. Surface 
diffusion is more significant at higher surface loadings but will decrease 
as temperature increases in physisorption as a result of the decrease in 
the surface loading and increase in diffusional flux in the gas phase as a 
result of faster molecular diffusion [103]. Depending on the structure of 
the adsorbent several of these mechanisms can occur and compete or 
cooperate with one another [73]. The simplest mechanism of diffusion is 
Knudsen diffusion which occurs when the diameter of the pore is less 
than the mean free path of the molecules. In the case of molecular 
diffusion, if this takes place in the macropores it is known as pore 
diffusion. When the molecules on the surface of the adsorbent are mo-
bile, typically when adsorbed components form two or more layers they 
can migrate, and this is termed surface diffusion and, in some cases, can 
contribute more to intraparticle diffusion than pore diffusion. When the 
adsorbate molecule is close to the size of the micropore, the rate of 
diffusion can be limited, the diffusion becomes an activated process 
depending heavily on the adsorbate properties. 

When looking at the second stage of CO2 adsorption, the majority of 
solid surfaces preferentially adsorb CO2 over N2 via a physisorption 
mechanism, owing to the greater polarizability and quadrupole moment 
of CO2 [104]. However, the addition of an SFG can lead to an increasing 
importance of the chemical interaction. Normally, the introduction of 
Lewis bases increases the affinity of the material towards CO2, as carbon 
dioxide can act as a weak Lewis acid. Therefore, adding basic N-con-
taining functional groups to the surfaces of classical adsorbents (i.e. 
activated carbons, zeolites and etc.) is one of the most popular ways of 
improving sorption properties. However, the addition of functional 
groups may lead to the blockage of the access of the adsorbate molecules 
to the pores [105] by clogging the outermost layer of the framework in 
MOFs upon grafting [104] or filling and/or damaging the pores 
following impregnation of AC or other mesoporous supports [106] by 
potentially covering the mesopore, thereby adversely denying further 
diffusion into the pore. Therefore, steric hindrance should also be 
considered when choosing the appropriate functionalisation. Disordered 
micropores tend to have a slower gas diffusion rate; the presence of 
mesopores promotes gas diffusion and transport into the micropores by 
reducing the pathway distance and the resistance to diffusion [107]; a 
low diffusion coefficient leads to a high activation energy of diffusion 
[108]. 

3. Surface functional groups 

3.1. O-Heteroatom(s) 

The acidic nature of the surface of the adsorbent is usually deter-
mined by the presence of oxygen. The strong electronegativity of this 
atom draws the electron density from less electronegative atoms to-
wards itself, thereby creating localised nucleophilic and electrophilic 
centres [8]. Alongside this, the oxygen containing functional groups are 
often polar in nature and that increases the degree of hydrophilicity of 
the adsorbent and the affinity towards water [109]. Such hydrophilicity 
can be explained by the hydrogen bonds between water molecules and 
the surface oxygen atoms [110]. In spite of this, oxygen functionalities 
can improve sorption properties. An increase of 26% in carbon uptake 
(at 298 K and 1 bar) compared to the unmodified adsorbent has been 
reported by Plaza et al. [111]. Nevertheless, the use of such functional 
groups in the context of carbon capture has been investigated thor-
oughly; the results of which and their adsorption mechanisms will be 
discussed hereafter. 

3.1.1. Phenol 
A porous carbon surface was grafted with hydroquinone (para- 

hydroxyphenol) by Wang et al. [89]. The resulting material demon-
strated an adsorption capacity of 3.46 mmolCO2/g at 1 bar and 298 K, 
whereas the unmodified carbon used in the study corresponded to a CO2 
uptake capacity of 3.02 mmolCO2/g. At 273 K and 1 bar, the capacity was 
5.41 mmolCO2/g and 4.78 mmolCO2/g, for the modified and unmodified 
carbon, respectively. Enhancements in CO2 uptake for the modified 
carbon were also realised at 323 K. Alongside this, an increase of 58.7% 
in CO2/N2 selectivity and a considerable uptake of 1.33 mmolCO2/g at 
273 K and 0.1 bar (absolute) was observed. This was despite a lower 
Brunauer–Emmett–Teller (BET) surface area and pore volume for the 
modified sample, 925 m2/g vs 1006 m2/g and 0.53 cm3/g vs 0.57 cm3/g, 
respectively. In this work, the modification lead to a negligible decrease 
in isosteric heat of adsorption: from 23.8 kJ/mol to 23.5 kJ/mol. This 
implies that the cost of regeneration for the modified materials will be 
significantly lower than for other materials [112,113]; interestingly 
modified ACs tend to present higher values of adsorption heat but it was 
concluded that the value is not only determined by the introduced 
groups rather a combination of these with specific surface area and pore 
structure. The impact of decreasing specific area on the hydroquinone 
modified samples may offset the impact of oxygen doping [89]. 

3.1.2. Carboxylic 
A high density of surface carboxylic (-COOH) groups make carbo-

naceous adsorbents highly dispersible in water [109]. A surface car-
boxylic group should lead to enhancement in physisorption, as it 
increases the binding energy (if the bond is non-chemical). This effect is 
caused by lone pair donation of the oxygen in the group and the carbon 
in CO2 and by hydrogen bond interactions of the acidic protons and the 
CO2 oxygen [114]. Therefore, it is understood that the two types of in-
teractions are attributed to the two different parts of the carboxylic 
group: the carbonyl (which can act as a Lewis base) and the hydroxy 
group (which can use the acidic proton to act as a Lewis acid). An 
investigation of such functionalisation on a conjugated microporous 
polymer (CMP) [40] showed an increase of sorption heat and a decline 
in volumetric CO2 uptake as well as the surface area and pore volume. 
The same rise of enthalpy has been observed for a MOF (MIL-53) when 
modified with the carboxylic group, this rise however, was accompanied 
by an elevation in CO2 uptake [62]. Modifying the MOF, UiO-66 with the 
same SFG has also been shown to lead to an uptake in capacity: 6.4 
mmolCO2/g at 25 bar and 33 ◦C compared to 5.6 mmolCO2/g [115]. 
Therefore, –COOH is considered to be a great substitute for ligand 
modification for CO2 adsorption in MOFs [116]. However, such free 
functionalities could negatively coordinate with the metal ions in the 
framework [40]. Additionally, free carboxylic acid sites decompose to 
CO2 upon heat treatment forming uncoordinated carbon sites that can 
easily adsorb CO2; those sites have been shown to provide additional 
CO2 adsorption capacity in the impregnated adsorbent as reported by 
Caglayan et al. [117]. 

3.1.3. Quinone 
Quinone functionalisation has been investigated in the work of Wang 

et al. [89], the modified carbon demonstrated an adsorption capacity of 
2.22 mmolCO2/g at 1 bar and 298 K. The unmodified carbon was shown 
to exhibit a capacity of 3.02 mmolCO2/g under the same conditions. 
When decreasing the temperature to 273 K, as to be expected the ca-
pacity increases to 3.44 mmolCO2/g and 4.78 mmolCO2/g for the modi-
fied and unmodified carbon, respectively. This trend was also observed 
at 323 K, rendering the uptake of quinone-functionalised carbon 
consistently lower than that of the unmodified. This poorer performance 
may be a result of the modified sample possessing significantly lower 
BET surface area and pore volumes, 653 m2/g and 0.38 cm3/g, respec-
tively; half that of the parent, 1006 m2/g and 0.57 cm3/g. When 
considering the CO2 uptake with respect to the surface area, the nor-
malised values are greater for the modified sample thus elucidating to 

B. Petrovic et al.                                                                                                                                                                                                                                



Microporous and Mesoporous Materials xxx (xxxx) xxx

4

the stronger interactions of CO2 with the O-decorated carbon frame-
work. Furthermore, functionalising the surface with quinone lead to a 
marginal decrease in the isosteric heat of adsorption: from 23.8 kJ/mol 
to 23 kJ/mol. Improvements in CO2/CH4 selectivity were also achieved, 
the quinone-modified sample demonstrating a selectivity of 4.6 (at 298 
K and 1 atm), which represents a 28.4% improvement over the parent 
material. A similar increase was noted for CO2/N2 selectivity. 

3.1.4. Lactone 
Lactones are a functional group that is considered to be acidic [118] 

and non-polar [119]. This group can be found on the surfaces of 
carbonaceous adsorbents and is commonly formed during the chemi-
sorption of CO2 [120]. Though, generally, not a functionality used to 
modify the adsorbing material, lactones are not believed to be adverse or 
detrimental for the capture of carbon dioxide. However, other functional 
groups discussed in this review are considered to be better for these 
purposes. The same observation has been made by Bai et al. [119] in that 
alternative polar groups (e.g. hydroxyl and carboxyl) can lead to en-
hancements in both adsorption capacity and selectivity. 

3.1.5. Carbonyl 
The unpaired electrons of oxygen that exist in groups such as 

carbonyl enhance the adsorption of polar and polarisable species, 
through Lewis acid-base (or electron acceptor-donor) interactions 
[121], most probably of Lewis acid-base nature. A recent first principles 
study indicated that it could in fact be a functionality for CO2 capture by 
porous adsorbents [122]. Carbonyl can also be found in one of the two 
pyridone group tautomers [123] (which will be discussed in a later 
section), the carbonyl form is the most abundant. Groups such as ketone 
and aldehyde also contain an electron donating oxygen atom that can 
interact electrostatically with CO2 [111] leading to a Lewis acid-base 
interaction between carbon dioxide (acting as a Lewis acid) and the 
carbonyl oxygen being the preferred binding site for the adsorbate 
[124]. The interaction between carbonyls and CO2 involves greater 
electron transfer than that of a benzene group and CO2. The influence of this 

group has been investigated in the work of He et al. [41] which involved the 
development of a microporous organic polymer (MOP) based on trip-
tycene that was formyl-functionalised (-HC––O). Interestingly the 
adsorbent performed poorly in comparison to an analogous 
amino-modified sorbent: 1.1 mmolCO2/g vs 2.1 mmolCO2/g at 298 K and 
1 bar. In the work of Kim et al. [125] again on MOPs, the carbonyl 
groups of cucurbit(6)uril (CB(6)) were shown to have a strong interac-
tion with CO2. Of the three sites that CO2 was adsorbed, that with the 
carbonyl present included two CO2 molecules, interacting with the SFG 
but also with each other in a slipped-parallel geometry. The influence of 
carbonyl can also be seen in indole-based MOPs [126]; the indole and 
carbonyl groups developing a synergistic improvement to the favour-
ability of CO2 adsorption. This can be observed in the value of the 
isosteric heat of adsorption, 35.2 kJ/mol. The capacity of this adsorbent 
was demonstrated to be 6.12 mmolCO2/g at 1 bar and 273 K with a 
CO2/N2 selectivity of 76 and CO2/CH4 of 20, the BET surface was 1628 
m2/g. The performance postulated to be a result of indole and CO2 
showing strong local dipole-π (out-plane) stacking interactions with 
each other, whereas they cannot form an in-plane conformation [127] 
and carbonyl only being able to form in-plane conformations with CO2. 
The adjacent carbonyl groups are also more polar due to the resonance 
effect by the indole group. 

3.1.6. Ethers 
Ethers contain an electron donating oxygen atom that could interact 

electrostatically with CO2 [111]. In the work of He et al. [41], an acetyl 
(-C-O-CH3) functionalised triptycene MOP was evaluated alongside a 
similar aminotriptycene MOP. The two sorbents exhibited comparable 
results at 273 K at 1 bar (3.2 mmolCO2/g and 3.4 mmolCO2/g, respec-
tively) with the ether-substituted polymer surpassing the –NH2 modified 
analogue at 298 K and 1 bar. The uptake of the former being 2.2 

mmolCO2/g and the latter 2.1 mmolCO2/g. It was learned in the work of 
Zeng et al. [128] however, that the replacement of an ether group in a 
5-fold interpenetrated covalent organic framework (COF) with a CH2 
group would result in a 32% decrease in CO2 capacity at 1 bar. Cmarik 
et al. [129] demonstrated that adding two methoxy groups (O–CH3) to 
the ligand of UiO-66 has been shown to improve CO2/N2 selectivity and 
uptake at 298 K and 1 bar from 1.786 mmolCO2/g for the 
non-functionalised framework to 2.631 mmolCO2/g. These improve-
ments achieved despite a significant decrease in surface area from 
approximately 1105 m2g to 868 m2/g and pore volume from 0.55 cm3/g 
to 0.38 cm3/g. However, the performance of this functionality was 
worse than that of the amine group investigated in the same study. This 
fact was attributed to a reduced pore volume and surface area as the 
methoxy group is bulkier compared to –NH2. Epoxy groups, a cyclic 
ether of three atoms, has also been investigated in the context of surface 
modification and has been shown to provide reasonable results [130]. In 
the work of Kronast et al., UiO-66-epoxide demonstrated a capacity of 
2.26 mmolCO2/g at 1 bar and 35 ◦C. 

3.1.7. Esters 
Esters are a close but more polar relative of ethers; both esters and 

ethers are less polar than alcohol. This property has been associated with 
the promotion of CO2 adsorption, as the capacity and selectivity of such 
functionalised materials should increase due to the chemisorption of 
carbon dioxide by dipole-quadrupole interactions. Molavi et al. [131] 
has investigated a MOF with a variety of functional groups including 
esters via grafting. By comparing these with the parent MOF that 
possessed just a primary amine ligand functionalisation the results 
indicated a rise in CO2 uptake of 36% at 298 K and 1 bar from 3.14 to 
4.28 mmolCO2/g. It is noteworthy, that the selectivity over nitrogen was 
higher for the ester-modified adsorbent than for the amine-modified. 
However, one must also note that the resulting material was grafted 
by glycidyl methacrylate and, therefore, included not only the above 
discussed functionalisation but also secondary amines, hydroxyls and 
alkenes compared to the parent material that possessed merely the 
primary amine group. Nevertheless, we can partially attribute the 
enhancement of CO2 affinity to the ester present and assume that it is not 
detrimental to post-combustion carbon capture with solid adsorbents as 
it is able to interact with the adsorbate; other functionalities are better 
suited for these purposes. 

3.1.8. Hydroxyl 
The interaction between the hydroxyl group and CO2 is typically 

considered to be a result of hydrogen-bonding interactions or electro-
static interactions [132]. These mechanisms have been found in the 
adsorption mechanisms of a MOF-like MIL-53 where the adsorption was 
directed by the formation of relatively weak hydrogen bonds between 
CO2 and the corner-sharing hydroxyl groups [133,134]. This interaction 
suggests that the main mechanism is in fact a result of hydrogen bonding 
between the H(OH) and the O(CO2) but when considering the high elec-
trostatic potential, there is the possibility that the O(OH) could donate 
electrons to CO2 [107]. Additional interactions have been identified 
when functionalising the ligands of MOFs in the work of Torrisi et al. 
[116]. Alongside the aforementioned interactions, there were cases of 
monopole interactions between the same atoms reinforced by a mutual 
inductive effect. This judgement is based on the angle measurements of 
the C= O⋯H bond (93◦), the value of which is too low for this inter-
action to be characteristic of hydrogen-bonding. Even with this, we can 
assume that both types of bonding can occur simultaneously or sepa-
rately within adsorbent-adsorbate system. This statement however does 
not hold when considering modifications involving alcohol groups since 
the adsorption characteristics and therefore overall performance of the 
process vary depending on the type of bond. The alcohol group of 
diethanolamine (DEA) was shown to enhance the adsorption of CO2 in 
an amine-mixed metal-oxide hybrid adsorbent developed by Ravi et al. 
[135] as a result of Lewis acid-base interactions between the H(OH) and 
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the O(CO2) [136]. The synergistic effect between alcohol groups and 
amines facilitates the reaction between amines and CO2 molecules 
[131]. It has been shown by Kronast et al. that at 308 K an amino 
alcohol-substituted UiO-66 could adsorb approximately 2.2 mmolCO2/g 
at 1 bar and 11.67 mmolCO2/g at 20 bar. This corresponds to a CO2 
loading of 51 wt% in combination with a high selectivity over nitrogen. 
The BET measurements have indicated only 3 m2/g of accessible surface 
area. Hydroxyl groups have also been shown to form bicarbonate type 
complexes [137]. Ma et al. reported [107] that the adsorption of CO2 
increases linearly with an increase in surface hydroxyl groups at ambient 
temperature and pressured up to 0.5 bar. This linearity, however, is lost 
at elevated pressures or decreased temperatures. In contrast, Dawson 
et al. [40] was able to identify a decrease in adsorption capability of a 
CMP that was modified with a view to produce a “di-ol” network. The 
decrease in capacity was around 10% (to 1.07 mmolCO2/g at 298 K and 
1 bar) despite a significant increase both surface area and pore volume. 
Adsorption capacity calculated from the isotherms of dihydroxy modi-
fied MIL-53 demonstrated the opposite trend, a significant enhancement 
in both capacity and selectivity (CO2/N2) compared to the original at 
pressures above 0.2 bar and room temperature [62]. In this work it was 
also found that the presence of metal coordinated –OH groups could 
inhibit CO2 adsorption near –NH2 sites; both qualities evidencing the 
crucial role of polar groups in CO2 capture and the particularly penal-
ising impact of bulky, non-polar groups. The influence of polar –OH 
groups on the adsorption capacity has also been reported for organic 
salicylisimine cage compounds by Mastalerz et al. [138]. Hydroxyl 
group derivatives can also be beneficial for CO2 adsorption; Zhao et al. 
investigated introducing extra framework cations such as K+ with a view 
to promote CO2 adsorption through electrostatic interactions with 
carbonaceous materials in the same way as for MOFs and zeolites [139]. 
The hydroxyl derivative, -OK+ facilitated a capacity for the carbon of 
1.62 mmolCO2/g at 0.1 bar and 25 ◦C; the highly ionic nature of the bond 
led to high polarization and charge transfer along the carbon surface. 
This phenomenon resulted in an adsorption energy of 36.04 kJ/mol, 
much higher than for that of pyridinic (19.03 kJ/mol) or amino groups 
(17.22 kJ/mol) substituted analogues. Hydrolysis into the hydroxyl 
group can also lower the adsorption energy (to 11.15 kJ/mol). 

3.2. N-Heteroatom(s) 

Theoretically, introducing nitrogen will improve the electron density 
of the carbon framework or in other words increase the basicity of the 
carbon framework which in turn will anchor the electron deficient 
carbon of the CO2 to the carbon pore surface by Lewis acid-base (N 
atom) interactions [114]. Nitrogen containing SFGs are capable of 
providing a lone pair of electrons, which can act as an attractive site for 
the electron-deficient carbon atom of the CO2 molecule due to the high 
electron-withdrawing properties of the oxygen atoms [8]. The basicity 
of the materials can also enhance the dipole-dipole interactions and 
hydrogen-bonding to the surface. This property should also increase the 
selectivity over non-polar gases such as CH4 [139] and N2 [140]. At the 
same time, polar nitrogen functionalities will generate an increase in the 
sorbent’s hydrophilicity. It has been shown in myriad studies [141–143] 
that H2O molecules are trapped inside the narrow micropore space of 
carbonaceous materials due to an enhancement in hydrogen bonding 
with H2O. With this, the assumption can be made that functionalisation 
with these groups may be better suited to systems with a dry flue gas. 
Reports of a massive drop in competitive adsorption on N-doped carbons 
are widely known; the molecular simulations in the work of Psarras et al. 
elucidated to this. Under a humidity of 10% the CO2 loading was at the 
very least compromised by pyridonic and pyrrolic groups. However, 
regardless of the type of N-containing SFGs, it is commonplace to reveal 
enhancements in CO2 binding energies [144] and heats of adsorption 
[140,145] although not necessarily in adsorption capacity [146] in the 
context of carbonaceous materials. 

3.2.1. Amine 
Amine groups do not necessarily simply polarise the CO2 molecules; 

rather they strongly and selectively bind it via chemisorptive in-
teractions. Conventionally, a CO2 molecule combines with amine groups 
to form a carbamate [106,108,131,147,148]; there are debates on the 
specific mechanism of that reaction but the general belief is in the in-
termediate formation of a zwitterion [149] followed by deprotonation 
by a Brønsted base [150] i.e. an amine. The prevalence of chemisorption 
can be discovered through considering the heats of adsorption, 
amine-functionalised materials tend to possess higher values than that of 
the non-functionalised analogues. There are also reports of a combina-
tion of mechanisms underpinning the adsorption: e.g. the material ad-
sorbs CO2 via formation of not only ammonium carbamates but also 
carbamic acid pairs [151]; this fact however is often dismissed as a result 
of the instability of carbamic acid. In some cases, amine moieties can 
play an indirect role in the capture of CO2. Stavitski et al. [133] reported 
that the shifting of the electric potential of the adsorbent may create 
more attractive alternative sites for the CO2 molecule, suggesting that 
the dominant force for adsorption is the van der Waals force inherent to 
the adsorbent. In this case, the absence of any chemisorption mechanism 
would lead to reduced regeneration cost and hence, better potential for 
applications in pressure-swing adsorption (PSA) systems. Saha and 
Kienbaum [110] however, postulated that hydrogen-bonding appears to 
be the key element in CO2 adsorption. Generally, amine-functionalised 
materials will promote high CO2 selectivity and enhanced perfor-
mance under moist conditions but they often exhibit slow adsorption 
kinetics and require relatively high temperatures to regenerate [151]. It 
is important to remember that excessive amine loading has potential to 
cause agglomeration on the support’s surface resulting in the blockage 
of pores. This blockage effect will lower the CO2 molecule’s accessibility 
to the active sites [70] and cause a diminution of micropore volume, 
further reducing the materials capacity. These assumptions have been 
confirmed by Plaza et al. [152] and Heidari et al. [146]. Cases that 
describe reductions in surface area and/or pore volume post 
amine-modification can be found throughout the literature [40,104,106, 
134,153–155]; this effect though, is not limited to amine modifications. 
The reduction in these two properties normally arises from pore 
blockage or the collapse of pore walls, examples can be found for oxides 
(mainly carboxyls, hydroxyls and carbonyls) [109], fluorines [156], 
carboxyls [40] and glycidyl methacrylate (which includes hydroxyl, 
ester and alkane groups) [131] and polycarbosilane [157]; these ex-
amples however, are by no means exhaustive. 

The term amines described a number of groups that can be classified 
based on the number of substitutes there are connected to the nitrogen 
atom of the group. If there exists a single substitution the group belongs 
to primary amines; in the case of two substitutions then the classification 
is secondary amines; three substitutions belongs to tertiary amines; and 
four for quaternary amines, this class can also be referred to as graphitic 
although this is not always an accurate description. With respect to their 
application in post-combustion carbon capture (PCC), secondary amines 
are reported to have more favourable adsorption characteristics [149, 
158]. This is a result of the electron donating effect of the R substitutes 
that exhibit higher reactivity and stronger basicity than their primary 
relatives [131]. The addition of tertiary amines can increase the reac-
tivity of the composite acting simultaneously to improve the adsorbents’ 
stability [108]. The quaternary group of nitrogen atoms have been 
identified as irrelevant for CO2 capture in carbon fibres [159]; attributed 
to the involvement of the 2 S2 electrons in a dative covalent bond with 
the neighbouring carbon atoms [160] thereby curtailing its potential as 
a Lewis base. Quaternary-N often acts to suppress the efficiency of other 
basic nitrogen groups [161]. 

The amine group, –NH2 is considered to be a great substitute for 
ligand modification of MOFs for CO2 adsorption [116], however, this 
does not always yield better sorption characteristics. Abid et al. [134] 
demonstrated that despite normally increasing the adsorption capacity 
of amino-functionalised zeolites at moderate temperatures [148] the 
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adsorption on NH2-MIL-53 (Al) decreased at 1 bar and 273 K from 2.856 
mmolCO2/g to 2.143 mmolCO2/g for the unmodified and 
amino-functionalised MOF, respectively. A decline in the heat of 
adsorption was also observed for the materials from 39 kJ/mol to 28 
kJ/mol, respectively. At lower pressures in the range of 0–0.5 bar, 
simulations by Torrisi et al. [62] concluded that both binding energies 
and enthalpies as well as CO2 uptake were higher for an NH2-MIL-53 
sorbent than that of the unmodified parent material. The work of Cmarik 
et al. [129] corroborates this conclusion, the uptake of the developed 
UiO-66-NH2 at 298 K and 1 bar was 2.973 mmolCO2/g, the greatest value 
for all evaluated modifications (-NO2, -(OMe)2 and -Naphtyl). The 
selectivity (CO2/N2) was also demonstrated to be highest with the –NH2 
modification. These improvements are not limited just to MOFs, Liu 
et al. [162] demonstrated that a 5 A zeolite-based mesoporous silica 
hybrid adsorbent could adsorb 5.05 mmolCO2/g at 298 K. The sorbent 
was impregnated with 30 wt% polyethylenimine (PEI) and captured the 
CO2 from a moist, simulated flue gas and performed significantly better 
than the pristine zeolite (0.73 mmolCO2/g) and zeolite/silica hybrid 
(0.82 mmolCO2/g). 

3.2.2. Nitro 
The nitro group, when present during the adsorption of CO2 tends the 

CO2 to be positioned adjacently thus allowing an electrostatic interac-
tion between the two oxygens of the SFG and the electron deficient 
carbon atom of the CO2 [116]. In this work, Torrisi et al. identified that 
the binding energy of the modified sorbent was lower than the parent; 
consistent with the electron withdrawal properties of the nitro group. He 
et al. [41] compared a nitro-substituted and formyl-substituted tripty-
cene-based polymer, at 298 K and 1 bar, the nitro-sorbent demonstrated 
a capacity of 1.8 mmolCO2/g vs 1.1 mmolCO2/g for the formyl-sorbent. 
This result despite the lower BET surface area: 140 m2/g vs 525 m2/g 
for the nitro- and formyl-substituted polymers, respectively; opposite to 
the trend where a higher surface area leads to a greater capacity. This 
observation, however, can be ascribed to the fact that –NO2 groups 
possess a higher polarity than the –HC––O (keto/aldehyde/-
formyl/carbonyl) group. Considering polarity, both –NH2 and –SO3H 
groups have higher polarity (in that order) than the nitro group and it 
has been shown that at pressures up to 1 bar, a Zr-based MOF exhibits 
the same trend [163]. In this case however, the trend is not noticeable 
only in the uptake but also with adsorption energy and working ca-
pacity. Zhang et al. were able to demonstrate the same with a UiO-66 
MOF modified with -Br, –NO2 and –NH2, again in ascending polarity 
[164]. The UiO-66 sorbent produced by Cmarik et al. [129] was able to 
capture 1.786 mmolCO2/g while the nitro-functionalised derivative far 
exceeded this at 2.573 mmolCO2/g at ambient temperature and pressure. 
The selectivity (CO2/N2) was also shown to improve. Generally, the 
functionalisation of materials with –NO2 is not considered as effective in 
the context of CO2 capture than modification with the amino group. This 
can be attributed the reduced polarity and acidic nature of the nitro 
group as well as the larger size of the nitro group which may lead to a 
greater possibility of pore blockage [165]. 

3.2.3. Amide 
The basicity of amides tends to be much smaller than alkylamines, 

pyridines and ammonia. This a result of the delocalisation of the lone 
pair of electrons in the nitrogen atom through resonance with the 
carbonyl oxygen. Interestingly though, this group may have potential for 
PCC applications due to the presence of two different adsorption sites: 
the –C––O and -NHx. The former can act as an electron donor (Lewis 
base) and the latter as an acceptor (Lewis acid) for the CO2 molecule 
[166]. Ratvijitvech et al. [105] modified MOPs in which an amine 
functionalised CMP was modified to produce amide functionalised 
networks. The resulting material demonstrated a reduced surface area 
and pore volume when compared to the parent amine network. When 
increasing the alkyl chain length of the amide from 1 to 5 (not counting 
the carbon with the double bond to oxygen and the σ bond to the amino 

group), both parameters decreased from 316 m2/g to 37 m2/g and 0.21 
m2/g to 0.04 m2/g, respectively as a result of pore filling. Decreases in 
capacity and isosteric heat of adsorption was also observed when going 
from amine to amide group functionalisation and when increasing the 
alkyl chain length. At 1 bar and 273 K the amine group CMP exhibited a 
capacity of 1.65 mmolCO2/g vs 1.51 mmolCO2/g, 1.46 mmolCO2/g and 
0.87 mmolCO2/g for the acetamide, propenamide and decanoic acid 
amide functionalised relatives, respectively. Similar observations were 
made at 298 K but for all cases, the selectivity (CO2/N2) was between 8.5 
and 12, less than the 14.6 exhibited by the parent –NH2 network. 
Safarifard et al. [166] investigated the applications of either the amide 
or imine groups in MOFs. They were able to demonstrate that the 
incorporation of the amide group rather than the imine does not 
necessarily improve the adsorbents performance. The CO2 capacity, 
selectivity (CO2/N2) and the heat of adsorption were shown to increase 
in a fashion depending on the position and orientation of the functional 
group; the –NH moieties established hydrogen bonds and NH⋅⋅⋅π in-
teractions with the surrounding network. It was concluded that the 
accessibility of the functional group is crucial to the enhancement of CO2 
adsorption, especially when introduced in interpenetrated networks. 

3.2.4. Imine 
Imine nitrogen is in the sp2 hybridisation state, which makes it 

comparable to the nitrogen of pyridine since the lone pair there does not 
contribute to the aromatic ring but instead occupies a hybrid orbital. The 
assumption can be made then, that the basicity of this atom be close to 
that of a pyridinic-N. The double bond between the carbon atom and the 
nitrogen should strongly attract the CO2 molecule via Lewis interactions. 
The work of Zeng et al. on COFs [128] investigated the impact of 
imine-based COFs in comparison to triazine-based and boron-based 
analogues. Their findings suggest such materials are promising candi-
dates for CO2 capture as they have moderate heats of adsorption, high 
selectivity over N2 and a large capacity for CO2. For instance, the 
adsorption isotherms of one sample termed TRITER-1 were studied at 
273 K and 298 K at 5 bar, under these conditions the capacity demon-
strated was 13.38 mmolCO2/g and 3.11 mmolCO2/g, respectively. This 
performance postulated to be a result of high surface area, 
super-microporosity and the presence of nitrogen-rich basic 1,3, 
5-triazine ring and imine functionalities [128]. Mastalerz et al. [138] 
demonstrated that when reducing imine bonds to amine, the thermal 
stability of a porous organic cage compound was compromised. More-
over, Gajula et al. [167] were able to achieve lower capacities in a co-
valent organic cage after a similar transformation of the imine group to 
an amine group, attributed to the greater surface area of the 
imine-functionalised sorbent (12.8 m2/g) than the amine alternative 
(5.7 m2/g). 

3.2.5. Nitrile 
In the nitrile group (-C–––N), the nitrogen atom is in a sp hybridisation 

state which means that the lone pair electrons are position closely to the 
nucleus, thus the nitrile group is not significantly basic. The investiga-
tion of polymethylmethacrylate (PMMA) by Jo et al. [168] involved 
impregnating the support with amine functionalities. The primary 
amine was replaced by a secondary amine with acrylonitrile connected 
to the nitrogen atom. Such a modification should be better for the 
adsorption of CO2 as detailed earlier. Conversely, it was realised that the 
modification leads to a decrease in capacity, pore volume and surface 
area in the modified PMMA (–NH–(CH2)2–C–––N) compared to the 
original –NH2 SFG. The observation was the same when transforming 
the secondary amine to a tertiary with the same alkylnitrile end group. 
The reduction in surface area and pore volume can be attributed to the 
difference in size of the functional groups. Patel and Yavuz [169] were 
able to demonstrate this weaker interaction of the C–––N-containing 
materials than those containing amines and amidoximes. In their work a 
nitrile group was substituted with an amidoxime, which led to an in-
crease in the CO2 adsorption properties. These results suggest that the 
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cyano or nitrile functional groups is not the most sought after SFG for 
PCC. An amidoxime, (–(NH2)C––N–OH) functionality is an interesting 
candidate for surface modification of an adsorbent as the molecule’s 
terminal functional groups resemble those of monoethanolamine 
(MEA), the conventional benchmark for CO2 absorption. Upon capture 
the CO2 molecule can bind with both –NH2 and –OH simultaneously 
[170], as a result this group is considered CO2-philic. The results of this 
modification are reported to be an increase in capacity of up to 17% at 
ambient temperature and pressure for the amidoxime substituted poly-
mer of intrinsic microporosity [169]. This was achieved despite a 
decrease in BET surface area from 771 m2/g for the nitrile-containing 
parent to 531 m2/g for the amidoxime substituted derivative. The 
explanation for this reduction concluded to be a result of the intermo-
lecular interaction of neighbouring amidoximes forming 
hydrogen-bonding. With this, they also noted a clear dipole-quadrupole 
interaction between the adsorbent and CO2. Mahurin et al. were able to 
successfully graft amidoxime onto the surface of a porous carbon [171] 
which facilitated a 65% improvement in CO2/N2 selectivity. Interest-
ingly, the overall capacity decreased slightly from 4.97 mmolCO2/g to 
4.24 mmolCO2/g at 273 K and 1 bar and from 2.87 mmolCO2/g to 2.49 
mmolCO2/g at 298 K and 1 bar. This reduction being a result of the 
reduction in BET surface area from 1857 to 1288 m2/g; the isosteric 
heats of adsorption however, were shown to increase from 23.3 kJ/mol 
to 24 kJ/mol indicating an enhanced interaction between CO2 and the 
sorbent. 

3.2.6. Pyrrole 
Pyrrole is a weak basic N-containing functional group as the lone pair 

of electrons is used in sustaining the aromaticity of the molecule. CO2 
molecules interact with the hydrogen and the nitrogen atoms of the 
functional group therefore, two types of interaction take place: the Lewis 
acid/base; and the hydrogen-bonding [107]. The works of Lim et al. 
[144] however, suggest that the interaction mainly happens between the 
positive hydrogen atom of the HN-functionality and the oxygen of the 
CO2. The authors describe a larger distance between the oxygen of CO2 
and the hydrogen of the pyrrole group (2.135 Å) in comparison to the 
pyridone group with a hydroxy-functionalisation (1.943 Å). This may 
indicate a stronger affinity towards CO2 of the latter than is found with 
pyrrole. They were also able to identify that the difference between the 
adsorption energy of the unmodified and pyrrole-functionalised surfaces 
is negligible [144]. Nevertheless, there have been suggestions that the 
pyrrolic nitrogen serves as an attractive site for CO2 capture, one 
example would be the work of Hao et al. [172]. In this work, porous 
carbons were activated at different temperatures resulting in various 
SFGs. It was realised by the authors that the pyrrole group (and/or 
amides) are prevalent in the samples pyrolysed at 400 ◦C–500 ◦C. A 
significant decrease was observed at temperatures of 700 ◦C and above 
where protonated quaternary-N and pyridine-N-oxides become more 
prevalent. The sample pyrolysed at 400 ◦C demonstrated a capacity of 
1.87 mmolCO2/g whereas those produced at temperatures between 
500 ◦C and 800 ◦C all demonstrated similar capacities around 3.13 
mmolCO2/g. The 400 ◦C sample possessed a negligible BET surface area 
(42 m2/g) and micropore volume (0.032 cm3/g); at 500 ◦C this 
increased to 467 m2/g and 0.210 cm3/g, respectively. The importance of 
the pyrrolic group then is quite significant; the 500 ◦C sample possessed 
roughly half the specific surface area and micropore volume of steam 
activated coconut carbon yet, a capacity 20% higher. 

3.2.7. Pyridine 
Pyridine is one of the most basic SFGs used for the surface modifi-

cation of adsorbents for use within post-combustion carbon capture 
[144]. During the process of adsorption, the CO2 molecule locates 
closely to the nitrogen atom of the pyridine group for two reasons. The 
first being a Lewis acid-base interaction by charge transfer where the 
lone pair electron of the nitrogen atom donates the charge to the 
electron-deficient carbon atom of CO2 resulting in a decrease in bond 

angle [110]. The second being steric hindrance of the interaction be-
tween the functional group and CO2 [144] which results in oxidation of 
the nitrogen atoms and in the release of some of them as N2 [173]. It is 
believed that pyridine and pyridone functionalities have the strongest 
influence on carbon dioxide adsorption [110] and despite the lack of the 
hydroxyl group, this functionality is considered by some [144] to be a 
more suitable surface modification in the context of carbon dioxide 
adsorption. Bae et al. [174] modified the MOF, Ni-DOBDC with pyridine 
molecules in an attempt to make the normally hydrophilic internal 
surface more hydrophobic. The success of this modification was esti-
mated to be around 33%, i.e. 33 % of the open metal sites were coor-
dinated by pyridine. It was realised that the introduction of pyridine 
could reduce H2O adsorption while retaining considerable CO2 capacity 
at typical flue gas conditions. The selectivity (H2O/CO2) was demon-
strated to be 1844 for the Ni-DOBDC but a remarkable 308 for the 
pyridine modified MOF. The benefit of pyridine presence was also 
identified by Zhang et al. [175]. The coexistence of adjacent pyridinic-N 
and –OH/-NH2 species was proposed to make an important contribution 
to high CO2 adsorption performance, especially CO2/N2 selectivity. The 
porous activated carbon (PAC) demonstrated a capacity up to 5.96 
mmolCO2/g at 25 ◦C and 1 bar, a result of the pyridinic-N and adjacent 
–OH or –NH2 possessing the lowest hydrogen bonding energies for CO2 
thereby playing an anchoring role in adsorbing CO2 molecules. 

3.2.8. Pyridone 
As previously mentioned, pyridone exists in two tautomers with the 

carbonyl form as the most abundant, hence the chemical environment of 
the nitrogen atom in pyridone is similar to pyrrolic-N [123]. So, for 
pyridone as for pyrrolic-N, the nitrogen atom contributes two p-elec-
trons to the π-system, and a hydrogen atom is bound in the plane of the 
ring. It is important to remember that within the accuracy of XPS 
measurements pyridone-N cannot be distinguished between pyrrolic-N 
[123] and so is often grouped together in adsorbent characterisation. 
Lim et al. have reported exceptional hydrogen bonding between this 
functional group and the CO2 molecule with an adsorption energy of 
− 0.224 eV (21.58 kJ/mol) compared to the − 0.218 eV for the pyridine 
SFG and − 0.098 eV for the unmodified material [144]. During adsorp-
tion, CO2 locates closely to the hydroxyl group of pyridone due to 
hydrogen bonding. The implication being that this type of interaction 
may contribute more than just the Lewis interaction in the case of the 
pyridine SFG. Their results suggest that both the pyridine and pyridone 
groups are suitable for the selective adsorption of CO2 with the latter 
having a slightly higher binding energy. In the work of Sevilla et al. 
[176], porous carbons from polypyrrole were activated using potassium 
hydroxide (KOH) at different temperatures ranging from 600 ◦C to 
850 ◦C. The authors noted that with the increase in activation temper-
ature and the amount of oxidising agent the nitrogen content decreased 
dramatically from nearly 10 wt% of nitrogen species for the mildest 
conditions to less than 1% for the harshest. The dominating nitrogen 
SFG was pyridone with a small proportion of pyridinic-N groups. The 
sample with the highest content of such functionalities was reported to 
have a CO2 uptake of 6.2 mmolCO2/g at 1 atm and 0 ◦C, whereas the least 
N-containing adsorbent adsorbed 4.3 mmolCO2/g. These figures were 
attributed by the authors to two factors: 1) narrower micropore sizes; 
and 2) larger amounts of pyridone SFGs in the AC with better CO2 
sorption characteristics. 

3.2.9. Additional N-containing SFGs 
Aside from the conventional and well discussed nitrogen containing 

SFGs, there exists additional groups such as quaternary amines, 
pyridine-N-oxides and cyanides. These groups tend not to show a big 
influence in the adsorption of CO2 when compared to the non- 
functionalised surfaces [144]. Therefore, they are not immensely 
interesting in the context of this review paper. An example of this would 
be amidine (R–C(=NH)–NH2) which has been introduced within a 
mesoporous silica sorbent by Zhao et al. The adsorbent demonstrated a 
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low CO2 uptake and thereby declared less useful for the separation of 
CO2 from flue gases, especially when compared to amine-functionalised 
materials [177]. 

3.3. S-Heteroatom(s) 

Sulphones, sulphoxides and sulphonic acids have been found to 
attract CO2 via polar interactions and hydrogen bonding [173]. Given 
the size of the sulphur atom compared to carbon, its presence tends to 
protrude out and induce strain and defects, this arrangement in carbons 
helps to localise charge and generate favourable CO2 adsorption [178]. 
The large and polarisable d-orbitals and the sole pair of electrons of S 
atoms can easily interact with the oxygen in CO2 [179,180]. They have 
also indicated a very high degree of pore utilisation for CO2. It is 
believed that sulphur in thiophenic configurations transfers electrons to 
the carbon dioxide molecule which can result in oxidation of the surface 
group and in the release of some SO gas. 

Sulphonic groups (SO3H) are another interesting candidate for sur-
face functionalisation. A feature of this group is its flexibility, both in 
terms of the rotation about the C–S bond and in the directionality of the 
–OH bond, allowing it to orient itself to maximise the strength of 
intermolecular interactions [116]. Although, lone pair donation is at 
play here, the main interaction in this case is hydrogen-bonding between 
the acidic proton of the functional group and the oxygen in carbon di-
oxide [114] (the distances confirm this assumption [163]). These two 
simultaneous interactions lead to strong binding of the molecules. The 
sulphonate group is considered to be a great substitute for ligand 
modification for CO2 adsorption in a MOF [116]. For instance, Biswas 
et al. [115] have added this functionality to UiO-66 and demonstrated 
that the uptake of both the functionalised and the non-functionalised 
MOF at 25 bar and 33 ◦C was 5.6 mmolCO2/g. Interestingly, the sulph-
onate containing adsorbents’ uptake was less than that of the pristine 
MOF at lower pressures. A thioether (organic sulphide) modified MOF 
has also been investigated in the work of Kronast et al. [130]. The 
UiO-66-ethylsulfide had a surface area of 52 m2/g and adsorbed 2.4 
mmolCO2/g CO2 at 1 bar and a temperature of 308 K, the highest uptake 
out of the SFGs evaluated at pressures below 5 bar. 

3.4. Halogens 

Halogens are strong electronegative atoms from the 7th group of the 
Mendeleev’s periodic table that have significant electron withdrawing 
properties. A study by Torrisi et al. [181] depicted the influences of 
substituting various halogen atoms onto the benzene ligands of a MOF. 
Their findings suggest that adding such an atom(s) is unlikely to result in 
a substantial increase in CO2 adsorption, as Fluorine, Chlorine, Bromine 
and etc. destabilize the π-quadrupole interaction by withdrawing the 
charge of the π-aromatic system. Destabilization increases with the 
number of halogen groups. However, this action leads to increasing 
acidity of the aromatic hydrogens, which can form weak hydrogen 
bonds with the oxygens of CO2 molecules. The work of Biswas et al. on 
Iodine-modified UiO-66 [115] indicated an uptake of 5.1 mmolCO2/g (at 
25 bar and 33 ◦C). A decrease of 10% compared to the unmodified 
framework and a dibromide-modified adsorbent [130] which had an 
uptake of 3.93 mmolCO2/g (at 20 bar and 35 ◦C). Cho et al. [44] claimed 
enhanced CO2 adsorption from 1.61 mmolCO2/g to 2.07 mmolCO2/g at 
298 K in oxy-fluorinated carbon molecular sieves. Postulated to be a 
result of the high electronegativity of the halogen leading to a halo-
gen/hydrogen bond-like interaction of the functional group with the 
adsorbate. Most of the increase in this characteristic can, however, be 
attributed to the presence of oxygen containing SFGs although they did 
acknowledge that CO2 interacts weakly with fluorine. It has also been 
reported by Shahtalebi et al. [156] that with a rise in fluorination levels, 
a reduction in surface area and pore volume is realised as well as a minor 
decrease in both the activation energy and isosteric heat of adsorption 
coupled with a slower CO2 uptake. 

3.5. Hydrocarbon surface functional groups 

3.5.1. Alkyl 
In the same study by Torrisi et al. [181] methyl substitution was 

shown to increase the sorbent’s affinity towards CO2 through the elec-
tron donation action of the group and a positive inductive effect (methyl 
being the smallest alkyl group). This substitution injects electronic 
charge into the aromatic system of the MOF’s benzene ligand thereby 
improving the π-quadrupole interaction. There is also an additional 
stabilising, weak hydrogen bond between the oxygen of the CO2 and the 
hydrogen of the CH3. In this work, tetramethyl substitution represented 
the upper limit for that particular ligand. In 2010, Torrisi et al. [62] 
reported a drop in CO2 capacity with the addition of two methyl groups 
to the ligands of a MIL-53 sorbent, accompanied by a rise in the enthalpy 
of adsorption. A similar dimethyl functionalisation of a CMP led to a 
reduction in capacity, 0.94mmolCO2/g at 298 K and 1 bar vs 1.18 
mmolCO2/g for the unmodified material at the same conditions [40]. 
Another noteworthy aspect of surface modification with this group has 
been proposed by Zelenak et al. [149]. By adding a methyl radical onto 
3-aminopropyl-modified mesoporous silica SBA-12 (SBA-12/AP) they 
anticipated an increase in CO2 sorption capacities of the adsorbent, since 
3-(methylamino)propyl is a stronger base compared to the former. 
Contrary to this prediction, they found a decrease in the capacity from 
1.04 mmolCO2/g for the primary amine-modified SBA-12/AP sample to 
0.98 mmolCO2/g for the SBA-12 with a 3-(methylamino)propyl func-
tionality. This effect can most likely be attributed to the steric hindrance 
and the low accessibility of the lone electron pair of the latter. In the 
work of He et al. [41] alkyl-substituted amino groups were successfully 
incorporated into triptycene-based polymers. The resultant microporous 
network presented an excellent capacity, 4.17 mmolCO2/g at 273 K and 
1 bar as well as CO2/N2 selectivity, 43.6 under the same conditions. 

3.5.2. Alkene 
Alkene groups are in a sp2 hybrid state, which means that they are 

considered to be more basic than alkyl groups. Aside from this, the 
double bond present in such substances allows for the chemical 
adsorption of CO2 through π-π interactions since the π-electron system is 
polarisable in the alkene group [131]. An allyl-modified UiO-66 was 
investigated by Kronast et al. [130] along with other various SFGs. Out 
of the groups analysed this group was present in the parent material and 
showed the worst sorption characteristics with a capacity of 13 wt% at 
35 ◦C and 20 bar. At 1 bar the uptake was deduced to be approximately 
0.4 mmolCO2/g. 

3.5.3. Arene 
A naphthyl functionalised material has been shown by Cmarik et al. 

[129] to exhibit lower capacity than the original at around 1 bar and 
298 K, a value of 1.537 mmolCO2/g for the modified and 1.786 mmol-
CO2/g for the parent. This fact was attributed to the bulkiness of the 
functionality leading to a smaller pore volume and surface area, as well 
as a lack of active binding sites since naphthyl is non-polar. On the other 
hand, a slight improvement in CO2/N2 selectivity was realised by the 
authors. 

4. Experimental methods employed in the introduction of 
surface functional groups 

Given the myriad SFGs that can be introduced onto solid sorbents in 
the interest of improving their performance in PCC, it is a logical 
assumption that the routes in which to achieve this are just as multi-
faceted and diverse. When considering the ideal modification for an 
adsorbent, it is imperative to its success that the technique is suitable for 
both the moieties to be introduced and the adsorbent. Before any 
modification then, especially with those adsorbents that are associated 
with a level of scarcity and consequently cost, a comprehensive under-
standing of their chemical properties and structure is fundamental. This 
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will inform not only the methods that can be used, but also what limi-
tations exist. Throughout the literature, there is clear evidence that there 
exists an optimum set of conditions to achieve the most efficient and 
impactful modification which, in itself is highly specific and often needs 
tailoring to suit the needs of the adsorbent, adsorbate and the moiety to 
be introduced. This section will endeavour to inform those wishing to 
improve the CO2 capture performance of their selected adsorbent. 
Before this however, it is worth highlighting that in the context of post- 
synthesis treatments, activation is considered to be the optimisation of 
sorption capacity via increasing specific surface area, whereas modifi-
cation is the introduction of non-carbon moieties to the surface of 
carbonaceous materials to improve their sorption capacity for specific 
sorbates [182]. Although specific to carbons, this definition stands for 
the majority of alternative sorbents. 

4.1. Physical modification 

Physical activation is the partial gasification of a precursor or in-
termediate material to increase its porosity. In the context of carbona-
ceous materials, some authors distinguish two stages to physical 
activation [182]: the first being the oxidation of amorphous carbon-like 
tar opening the clogged pores; the second being the partial oxidation of 
carbon crystallites. The first stage primarily increases the specific sur-
face area whilst the second both increases the specific surface area by 
creating new (micro) pore space or creating new interconnections be-
tween pores but also by changing the surface chemistry [182,183]. 

4.1.1. Pyrolysis 
A chemically and physically irreversible process which involves the 

thermal degradation of the precursor in an inert environment at elevated 
temperatures under the limited or complete absence of oxygen [184]. 
Pyrolysis is at the core of the overall process for the conversion of 
biomass into value-added products such as porous carbons. The 
by-product (biochar) of organic wastes such as biomass waste, sludge 
and polymer waste can be utilised for the development of CO2 adsor-
bents such as porous carbon, zeolites and mesoporous materials [185]. 
Table 1 details the effect of the pyrolysis conditions on the products 
yielded [182,184,186]; a detailed description of advanced thermal 
treatments can be found in the work of Spokas et al. [187]. Slow py-
rolysis is considered the conventional process as it tends to produce less 
volatiles and a larger proportion of solid char. 

4.1.2. Gaseous activation 
Gaseous activation involves exposing the material to a volume of 

either steam, carbon dioxide or air at temperatures above 700 ◦C [121]. 
These oxidising agents penetrate into the internal structure and gasify 
the carbon atoms resulting in an opening and widening of inaccessible 
pores [191]. Materials activated this way will see an improvement in 
internal surface area and a larger presence of oxygen containing func-
tional groups including phenolic, ketonic and carboxylic groups. The 
porosity of the activated sorbent depends on a number of factors 
including temperature, process duration and oxidant choice [182]. 
Oxidation with CO2 tends to result in the opening of new pores, whilst 

steam often widens existing microporosity [121]. In addition to steam, 
CO2 and oxygen, chlorine, ammonia, sulphur and sulphur dioxide can be 
used as agents for physical activation although the use of ammonia or 
sulphur dioxide can also be considered a modification. Steam and CO2 
are the most commonly used [121]. It has been demonstrated that 
oxidation of AC in the gas phase increases mainly the concentration of 
hydroxyl and carbonyl surface groups, while oxidation in liquid phase 
can incorporate a higher amount of oxygen in the form of carboxylic and 
phenolic hydroxyl groups onto the carbon surface at much lower tem-
peratures compared to the gas phase oxidation [192,193]. 

The effect of activation temperature on the characteristics and 
adsorption properties of porous carbons prepared from polyvinylidene 
fluoride was investigated by Hong et al. [194]. The samples were heated 
to a temperature between 700 ◦C and 950 ◦C (3 ◦C/min) under 200 
ml/min CO2 flow. With an increase in temperature, BET surface area 
increased from 1023 m2/g to 2750 m2/g as did micropore volume. 
Above 800 ◦C the sorbents demonstrated a decrease in narrow micro-
pores and instead developed new micro/mesoporous structures with 
larger (0.82 nm–1.21 nm) micropores. It was believed that the rate of 
pore enlargement is faster than rate of generation resulting in the for-
mation of new micro and mesopores rather than narrow micropores 
[195]. At 25 ◦C and 1 bar, the 800 ◦C activated sample demonstrated a 
capacity of 3.84 mmolCO2/g a result of the dominance of narrow mi-
cropores (0.53 nm–0.70 nm). A comparison between the physical and 
chemical activation of vine shoot-derived biochar for PCC has been 
made by Manyà et al. [196]. The physically activated sample was heated 
to 800 ◦C (10 ◦C/min) under 100 ml/min CO2 flow for either 1 or 3 h. 
The 3 h sample was shown to adsorb 1.58 mmolCO2/g at 25 ◦C and 1.013 
bar after 1 min, 69% of the total CO2 adsorbed after 10 min. The 
selectivity (CO2/N2) of the adsorbent was a strong 68.5, less than the 
sample activated for 1 h (115). 

4.1.2.1. Air activation. The mechanism for air activation with carbon-
ised charcoal can be described by the following reactions [197,198] 
where the f subscript denotes a free active carbon site and the paren-
thesis designate a surface complex: 

2Cf +O2(g)→2C(O) Oxygen chemisorption ΔH = − 395  kJmol− 1 (1)  

Cf +O2(g)→CO2 Carbon gasification ΔH = − 395  kJmol− 1 (2)  

C(O)+O2(g)→CO(g) + CO2 Oxide gasification ΔH = − 111  kJmol− 1 (3) 

Applying air as a gasifying agent is an economically attractive 
approach for physical activation. It starts with the chemisorption of 
oxygen onto the carbon to form surface oxides in Eq. (1); the reaction is 
exothermic and so occurs rapidly even at low temperatures [121]. This is 
followed by the desorption of CO2 and CO in Eq. (2) and Eq. (3), 
respectively. 

The effect of activation conditions in the single-step oxidation of 
biochars has been investigated by Plaza et al. [198]. Air was used in a 
range of temperatures between 400 ◦C and 500 ◦C, higher temperatures 
were also investigated (500 ◦C–650 ◦C) with a reduced oxygen con-
centration (3%–5%). At low O2 concentrations and 650 ◦C sorbents with 
high micropore volume in the narrow micropore domain (0.3 nm–0.5 
nm) were obtained; capacities up to 2.11 mmolCO2/g were achieved at 
25 ◦C and 1.01 bar. Nitrogen-enriched porous carbon fibres have been 
synthesised by Xiong et al. via air activation [199]. The air activation of 
oxidised polyacrylonitrile (PAN) fibres was carried out at between 
400 ◦C and 500 ◦C at a rate of 10 ◦C/min for 30 min. When the heat 
treatment temperature is increased from 400 ◦C to 500 ◦C, BET surface 
area, pore volume and micropore volume all increase; at 400 ◦C around 
57% of the pores were within the narrow micropore region (≤0.8 nm) 
which is the size limit established in the volume-filling mechanism for 
CO2 adsorption [14,15]. Fig. 1 exhibits the surface of the porous carbon 
fibres (PCFs) activated under different conditions. 

Table 1 
Pyrolytic conditions and corresponding product yield [184].  

Pyrolysis Type Temperature 
(◦C) 

Heating 
Rate (◦C/ 
min) 

Residence 
Time 

Yield (%) Bio- 
oil/Biochar/ 
Syngas 

Slow [91,188] 350–700 <10 min-days 35/30/35 
Intermediate 

[189] 
400–600 >10 <30s 50/25/25 

Fast/Flash 
[190] 

<650 ~100 ◦C <30s 75/12/13 

Gasification 
[187] 

>800 variable Sec-min 5/10/85  
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At 400 ◦C pores can be seen with various sizes with some inter-
connected channels, when increasing activation temperature to 450 ◦C 
these pores become larger and more prevalent. Fig. 1(c) illustrates 
further smaller pores alongside deep channels produced inside the car-
bon. Fig. 1(d) exhibits the PCF produced in the presence of nitrogen and 
shows grooves inherited from wet-spun polyacrylonitrile fibre that re-
mains intact [199]. The nitrogen content of the sorbents decreased from 
23.68% at 400 ◦C to 20.86% at 500 ◦C in the form of pyridinic, pyrro-
lic/pyridonic and pyridine-N-oxides; interestingly, pyridinic-N-oxides 
were not found in the sample activated under nitrogen. Therefore, air 
activation can not only produce higher amounts of narrow micropores 
but also forms of more nitrogen species favourable for CO2 capture. The 
500 ◦C sample demonstrated a capacity of 2.25 mmolCO2/g at 25 ◦C and 
1 bar as a result of the high volume of total pores, micropores, pores 
below 0.8 nm and excellent contents of pyrrolic/pyridonic-N and oxy-
gen species facilitating a selectivity (CO2/N2) of 183. Various activating 
agents were employed in a recent study by Guo et al. [200], among them 
were air, CO2, phosphoric acid (H3PO4) and sodium hydroxide (NaOH). 
The air activation of waste sugarcane bagasse was carried out at 850 ◦C 
for 120 min after pyrolysis at 750 ◦C. The air activated sample demon-
strated the lowest BET surface area (99 m2/g) as well as the presence of 
pyridinic, pyrrolic/pyridonic, quaternary and pyridine-N-oxide groups 
as well as ketone, carbonyl and/or lactone groups, ether and/or alcohol 
and carboxyl groups. The capacity of the air activated sample was shown 
to be the lowest at 1.61 mmolCO2/g at 25 ◦C and 1 bar. 

4.1.2.2. CO2 activation. The mechanism of activation with CO2 involves 
the Boudouard reaction [121,182]: 

Cf +CO2→C(O) + CO Dissociative chemisorption (4)  

C(O)→CO Desorption of surface oxide (5) 

In this process, CO2 undergoes dissociative chemisorption on the 
carbon surface to form a surface oxide and carbon monoxide as shown in 
Eq. (4). The surface oxide is subsequently desorbed from the surface, 
further developing the pore structure shown in Eq. (5) [121]. The overall 
reaction is shown in Eq. (6) [201,202]. 

C(s) → CO2(g)→2CO(g) ΔH = +159kJmol− 1 (6) 

Zhang et al. evaluated the effect of different modification routes for 
biochar [203], one of which was to pass CO2 through a vertical tube 
furnace that contained the biochar (2 g) at various pre-set temperatures 
(500 ◦C–900 ◦C at 10 ◦C/min) for 30 min. The same was conducted with 
pure ammonia gas and a mixture of ammonia and CO2 i.e. CO2 activa-
tion, ammonification and a combination of activation and ammonifi-
cation, respectively. CO2 activation increased the micropore surface 
area from 224 m2/g to a maximum of 610 m2/g at an activation tem-
perature of 800 ◦C; this temperature also developed the largest micro-
pore volume of 0.24 cm3/g. At higher temperatures however, activation 
leads to a greater loss of nitrogen content: 0.54 wt% vs 1.09 wt% with 
the unmodified biochar. Interestingly, an activation temperature of 
500 ◦C led to an increase in nitrogen content to 1.28 wt%. FTIR spectra 
showed the presence of phenol O–H, C–H and C–O as well as a weak 
presence of N–COO. The activation temperature of 800 ◦C facilitated a 
maximum CO2 capacity at 20 ◦C of 2.26 mmolCO2/g. Similarly, Zabiegaj 
et al. activated carbonised coconut shell particles with CO2 [204] at a 

temperature of 950 ◦C for 6 h (at 10 ◦C/min) after an initial treatment at 
800 ◦C for 1 h (at 1 ◦C/min) without CO2. The capacity was found to be 
4.8 mmolCO2/g at 0 ◦C with a BET surface area of 900 m2/g and narrow 
micropore and micropore volumes of 0.35 cm3/g and 0.39 cm3/g. 
Mesfer et al. [205] also employed CO2 as the activating agent to syn-
thesise AC from walnut shells. The authors carbonised walnut shell kept 
at 500 ◦C for 4 h under CO2 flow at 200 ml/min. 

4.2. Steam activation 

The smaller size of water molecule compared to CO2 facilitates the 
activation by using steam. The reaction is endothermic thus, making it 
easier to control and therefore, better suited for gasifying carbons with 
high surface activity [121]. Commonly used to introduce porosity and 
oxygen-containing functional groups such as carboxylic, carbonyl, ether 
and phenolic hydroxyl groups onto carbon surfaces. The process usually 
takes place for between 30 min and 3 h using superheated steam 
(800 ◦C–900 ◦C) [206] with flow rates of between 120 ml/min [207] 
and 300 ml/min [208] or flow rates of water between 2.2 ml/min to 5 
ml/min carried in nitrogen (300 ml/min) [209]. The reactions between 
carbon and steam are described in Eq. (7) - Eq. (14) [121,210]. 

Cf +H2O→C(O) + H2 Chemisorption (7)  

C(O)→ CO + Cf Scavenging of surface oxide (8)  

CO(g)+C(O)→CO2(g) + Cf Carbon gasification (9)  

CO+H2O→CO2 + H2 Water − gas shift reaction (10)  

Cf + 2H2O→CO2 + 2H2 Carbon gasification by steam (11)  

Cf +CO2→2CO Carbon gasification by carbon dioxide (12)  

Cf + 2H2→CH4 Carbon gasification by hydrogen (13)  

CH4 +H2O→CO + 3H2 Carbon gasification by hydrogen (14) 

The process starts with the exchange of oxygen from the water 
molecule to the carbon surface creating a surface oxide in Eq. (7) which 
may be devolved as carbon monoxide in Eq. (8). Carbon monoxide may 
increase the rate of gasification by scavenging the surface oxide to 
produce CO2 in Eq. (9). The process is followed by a water-gas shift 
reaction in which water vapour is broken down to CO2 and hydrogen gas 
in Eq. (10) which may activate the surface by Eq. (12) or Eq. (13) [121]. 
The overall reaction can be seen in Eq. (15) [201,202]. 

C(s) → H2O(g)→CO(g) + H2(g) ΔH = +117kJmol− 1 (15) 

The procedure of pore formation is closely related to water-gas shift 
reactions and the depletion of carbon. Steam activation improves the 
porous structure by removing trapped products [206] contained within 
the material and develops both micropores and mesopores to produce a 
wider range of pore size distribution [191,211,212]. In general, the 
volume/radius of the pores and surface area increase with the steam 
temperature and treatment time due to an increase in the removal of 
carbon atoms from the carbon surface [121]. At low temperatures i.e. 
around 300 ◦C, the consumption of aliphatic hydrogen atoms occurs, 
whereas at higher temperatures aromatic hydrogens react to form 

Fig. 1. Scanning electron microscope (SEM) images of (a) 400 ◦C air activation; (b) 450 ◦C air activation; (c) 500 ◦C air activation; and (d) nitrogen activation [199].  

B. Petrovic et al.                                                                                                                                                                                                                                



Microporous and Mesoporous Materials xxx (xxxx) xxx

11

oxygen-containing groups [213]. Steam treatment below 300 ◦C isn’t 
thought to be a good pre-treatment as it is unable to remove the strongly 
bonded hydroxyl groups [209]. Oxygen-containing groups that decom-
pose between 300 ◦C and 600 ◦C give rise to the formation of new bonds 
and when the temperature rises above 600 ◦C, typical reactions such as 
cyclisation and condensation of carbon rings occur [213,214]. The 
steam activation of waste cork powder [208] using nitrogen (300 
ml/min) as a carrier gas was carried out by Mestre et al. In this study, the 
steam was generated from the water vapour pressure at ambient tem-
perature. The activation conditions were 750 ◦C for 1 h with a heating 
rate of 20 ◦C/min; the sample was shown to have present a number of 
oxygen functional groups such as R–OH and R = O. Steam has also been 
used in combinations with other reagents which includes potassium 
carbonate (K2CO3) and H3PO4 [207,208] among others. 

4.2.1. Thermal treatment 
Thermal treatments of adsorbents can describe any form of modifi-

cation that involves the use of elevated temperatures but, for the pur-
pose of this review the term will be used to describe treatments that 
explicitly use temperature as the method of modification. Thermal 
treatment in the presence of an inert atmosphere can be used to remove 
surface acidic functionalities from the surface of carbonaceous materials 
especially at elevated temperatures over 700 ◦C [215]. Surface acidity is 
often related to the presence of oxygen containing SFGs [216–218] the 
majority of which can be removed at temperatures between 800 ◦C and 
1000 ◦C [192]. The removal of these groups will act to increase the 
basicity of the surface [216] as a result of strongly acidic SFGs such as 
carboxylic, anhydrides and lactones decomposing at lower tempera-
tures, while weakly acidic SFGs such as carbonyl, phenol and quinone 
decompose at higher temperatures [215,219,220]. 

Thermal activation of binderless, hierarchically porous zeolite 13×
monoliths has been carried out by Akhtar and Bergström [221]. The 
materials were heated to a temperature between 750 ◦C and 900 ◦C at 
5 ◦C/min and held for up to 2 h. The narrow temperature range where 
mechanically stable monoliths could be produced without loss of surface 
area was identified at 750 ◦C–800 ◦C although at a holding time above 0 
min at 800 ◦C the majority of the microporosity was lost. The 13×
crystal structure collapsing to an amorphous phase at 30 min. Thermally 
treated graphene nanosheets (GPN) produced by Chowdhury et al. [222] 
were able to capture 2.89 mmolCO2/g at 273 K and 1 bar, significantly 
more than the 0.81 mmolCO2/g captured by the unmodified graphene. 
The treated sorbent displayed rapid kinetics with ultra-high selectivity 
(CO2/N2) as well as stability and readily reversible adsorption/de-
sorption. The GPN was treated at four temperatures between 200 ◦C and 
800 ◦C under N2 flow (500 ml/min) at a rate of 5 ◦C/min with a holding 
time of 2 h. The stoichiometry of the sorbents was evaluated and 
included carbon sp2, hydroxyl/carbonyl groups and carboxyl/carbox-
ylate groups. The 800 ◦C sample was virtually free of all oxygen SFGs 
attributed to the near complete degeneration of carbonyl moieties to CO 
at 700 ◦C–770 ◦C [223]. The heat-treated samples exhibited a highly 
wrinkled external morphology due to the decomposition of the oxygen 
SFGs. The 800 ◦C temperature in an inert atmosphere for 2 h was 
identified as the most effective for developing highly ordered graphene 
sheets with high surface area and hierarchical interconnected nano-
porous structure facilitating a capacity of 2.19 mmolCO2/g at 298 K and 
1 bar in less than 3 min whilst retaining 95% of its’ capacity after five 
cycles. Thermal treatments have also been employed by Fan et al. [224] 
with a view to produce annealed ZIF-8/Chitosan spheres with improved 
mechanical stability. A temperature of 500 ◦C was employed for 4 h 
which maintained the honeycomb structure and improved its’ capacity 
to 0.99 mmolCO2/g. 

4.3. Chemical modification 

Chemical activation can also be used to improve adsorbent perfor-
mance. The process typically involves the mixing of the feedstock 

material with concentrated aqueous solutions of an activation agent; the 
vigorous mixing initiates the degradation of the feedstock. The resulting 
solution then requires subsequent treatment i.e. thermal activation or 
pyrolysis. The intensive mixing causes the original structure of the 
feedstock to degrade. In plant biomass for example, bonds between 
cellulose molecules loosen and ions of the activation agent occupy the 
resulting voids and thus, define the microporosity that is created during 
activation and becomes available after washing thus, avoiding the for-
mation of tar and the blocking of pores [182]. Usually employed in place 
of physical activation often due to the fact that it can be used as a single 
step process reducing total energy requirements at the cost of extensive 
washing to remove any residual traces of the reagent. This washing can 
also lead to significant secondary pollution issues if toxic reagents are 
employed. The temperatures for pyrolysis can be lower than for physical 
activation, for zinc chloride temperatures between 600 ◦C–700 ◦C can be 
used but for potassium hydroxide temperatures in excess of 850 ◦C are 
still needed [182]. Feedstock to agent ratios are typically in the range of 
1:0.5 to 5:1 [225]. The level of activation is dependent on the dosage 
used but also on the chemical itself, the intensity of mixing, and both the 
temperature and duration of subsequent activation. At high chemical 
concentration or excess reaction time, pore volume decreases due to the 
physical collapse of carbonaceous structures [226]. Although the 
mechanisms of activation vary between each agent, they possess com-
mon principles. 

4.3.1. Impregnation 
One of the most common forms of chemical activation involves the 

impregnation of raw precursors with a dehydrating agent prior to the 
carbonisation/activation [225]. The reagents used usually include 
acidic, alkaline and salt mediums. Impregnation is also often the 
employed method when chemically modifying the physicochemical 
properties of adsorbents. Although not used explicitly for the introduc-
tion of amines into the porous structure of adsorbents; a significant body 
of literature exists where this is method is employed [155,227–232]. The 
method typically involves dissolving amine species in a polar solvent 
(methanol or ethanol) and subsequent mixing with the porous support 
[233]. Parameters to consider to enhance the process include the mixing 
regime, temperature, reaction/contact time and any post-thermal 
treatments. Amine groups are typically fixed to the porous support 
through physical adsorption via dipole-dipole interaction, van der Waals 
force, hydrogen bonding, acid-base titration, or ion-exchange mecha-
nisms [234]. The lack of any significant chemical bonding is considered 
the major drawback with this method and can lead to the loss of these 
groups during cyclic operation [42]. Considering that the mechanisms 
by which these groups are fixed within the support are the same that 
underpin CO2 adsorption, there is an obvious trade-off between equi-
librium capacity and functional group loading due to pore blockage. 
This blockage reduces internal surface area or micropore volume 
limiting CO2 transport to the active sites [42], especially at lower tem-
peratures. The impregnation method has been demonstrated to incor-
porate surface functionalities aside from amines [235] and is often the 
method by which chemical reagents are dispersed within sorbents for 
subsequent treatments. 

A comparison between the impregnation and grafting of two amines 
(PEI and 3-aminopropyltriethoxysilane (APTES), respectively) onto the 
mesoporous silica MCM-41 has been carried out by Rao et al. [236]. The 
impregnation involved dissolved PEI in anhydrous ethanol (20 ml) fol-
lowed by the addition of MCM-41 (1 g); the slurry was then stirred for 8 
h at room temperature. The loading efficiency of impregnation far 
exceeded the grafting, 89.1% for 50 wt% PEI-MCM-41 and 23.18% for 
50 wt% APTES-MCM-41. The impregnated sample demonstrated a 47% 
increase in capacity, the maximum being 3.53 mmolCO2/g at 25 ◦C and 
1 atm at a rate of 0.1141 mmolCO2/s. Diethylenetriamine (DETA) 
impregnation of a low-cost sepiolite adsorbent in the work of Liu et al. 
[237] resulted in a capacity of 1.65 mmolCO2/g at 35 ◦C and 1 atm, the 
working capacity being 95.2% of that after 4 cycles. The DETA was 
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dissolved in 20 g methanol and saw the addition of 4 g 
purified/acid-modified sepiolite and 1 h of stirring. 

4.3.2. Grafting 
Given the disadvantages associated with the impregnation method; 

grafting amine groups via covalently bonding these sorbents to the 
groups has been explored [42]. Dindi et al. [229] employed the method 
of grafting and impregnation when functionalising fly-ash derived can-
crinite zeolites. The impregnation of the sorbents with MEA and DEA 
and grafting of APTES were compared using their CO2 capture perfor-
mance. The impregnated sorbents were prepared by mechanically 
mixing the zeolites with a 60 wt% amine solution in a ratio of 1.21 g:1 g 
(solvent:zeolite) and subsequent drying. The grafting involved dissolv-
ing the APTES in water and then mechanically mixing the zeolite with 
the solution in the same ratio, this was then aged for 48 h (room temp) 
and then 12 h at 40 ◦C and subsequently dried. N2 adsorption isotherms 
of the pristine cancrinite and functionalised derivatives showed a 
decrease in pore size and surface area after modification [19]. A com-
parison between the effect of impregnation and grafting on the textural 
properties is hard to make since APTES was grafted and MEA and DEA 
were impregnated. The profiles produced from differential thermog-
ravimetry (DTG) and thermogravimetric analysis (TGA) confirmed that 
the APTES was not just impregnated but successfully grafted; the largest 
peak was shown at 500 ◦C and not at the boiling point of APTES (217 ◦C) 
which would be where the physically adsorbed or impregnated APTES 
would be lost [229]. Although the capacity of the grafted sorbent was 
less than the two impregnated samples due to the fact that APTES is only 
tethered to the Si–O–Si groups through a silanization process on the pore 
walls and impregnated groups are packed within the support; the ther-
mal stability of the grafted sorbent when carrying out cyclic adsorp-
tion/desorption studies makes it an appealing method for the 
functionalisation of porous supports. Hiyoshi et al. grafted aminosilanes 
onto SBA-15 [238] under three conditions: 1) calcined SBA-15 was 
refluxed in toluene solution of aminosilane (1.7 vol%) under Ar flow; 2) 
the same as in 1) but with 10 times the concentration of aminosilane 
solutions (17 vol%); and 3) boiling SBA-15 and then modifying with the 
17 vol% solutions. The boiled support was seen to have a higher density 
of anchored aminosilanes suggesting that not only the isolated hydroxyl 
groups but also the hydrogen bonded hydroxyl groups are suitable sites 
for anchoring aminosilanes. This was demonstrated by the surface 
coverage being between 25%–38% for 1) and 57%–80% and 79%–118% 
for 2) and 3), respectively. 

4.3.3. Solid-solid mixing 
In solid-solid mixing method, both raw precursor and activator are 

mixed in solid state. Then the mixture is converted using a heat treat-
ment process during which both processes (carbonisation and activa-
tion) take place simultaneously [19]. Solid-solid mixing has been 
revealed to formulate AC with lower surface area and pore volume 
[225]. This poor development of porosity can be caused by the diffi-
culties associated with the activator penetrating into the sorbent struc-
ture [239] although this is heavily dependent on the chemical used as 
demonstrated by Ros et al. [240]. The size of the molecule of the 
modifying agent is key when implementing a solid mixing regime. 

4.3.4. Ligand functionalisation 
The capacity for functionalisation of organic ligands is one of the 

most important features of MOFs [131]. The modification of MOFs after 
their synthesis is a versatile method that facilitates the control of the 
number and variety of functional groups introduced into the MOFs via a 
variety of organic transformations [130,241]. Two UiO-67 analogues, 
[Zr6O4(OH)4(FDCA)6] and [Zr6O4(OH)4(DTDAO)6)] termed BUT-10 and 
BUT-11 with functionalised pore surface and high stability were syn-
thesised from two functional ligands 9-fluorenone-2,7-dicarboxylic acid 
(H2FDCA) and dibenzo[b,d]thiophene-3,7-dicarboxylic acid 5,5-dioxide 
(H2DTDAO), respectively, by Wang et al. [242]. The method for BUT-10 

involves heating a solution of H2FDCA (80 mg, 0.3 mmol), ZrCl4 (71 mg, 
0.3 mmol) and 3 ml of acetic acid in 17 ml of dimethylformamide (DMF) 
to 120 ◦C for 10 h. BUT-11 is synthesised similarly: a solution of 
H2DTDAO (61 mg, 0.2 mmol), ZrCl4 (47 mg, 0.2 mmol) and 1.7 ml of 
trifluoroacetic acid in 18 ml of DMF was heated to 120 ◦C for 48 h. 
Importantly, when synthesising zirconium-based MOFs, a modular acid 
is crucial, particularly for obtaining a single-crystal sample [242]. The 
introduction of functional groups in the ligands was demonstrated to 
decrease both the pore sizes and surface areas of the resulting MOFs. 
Interestingly, the CO2 uptake of both BUT-10 and BUT-11 was shown to 
be more than double compared to the parent MOF (UiO-67) attributed to 
the stronger interactions between the carbonyl and sulfone groups in the 
two MOFs and CO2 molecules. Grand Canonical Monte Carlo (GCMC) 
simulation confirmed that CO2 molecules do in fact locate around sul-
fone groups. The influence of amide groups on the CO2 capture perfor-
mance on three novel functionalised MOFs was evaluated by Safarifard 
et al. [166]. In this investigation, a mixture of Zn(NO3)2.6H2O (0.297 g, 
1 mmol), H2oba (0.258 g, 1 mmol), and the corresponding amide ligand 
(0.5 mmol) and DMF (50 mL) was divided into seven glass vials followed 
by subsequent heating at 120 ◦C for 3 days and then cooling to room 
temperature. Colourless (TMU-22) and red-brown (TMU-23 and 
TMU-24) crystals were obtained as pure phases [166]. The activation of 
these crystals began with a solvent-exchange step where they were 
immersed in acetonitrile and dichloromethane for 3 days (solvent 
changed daily). Amino-functionalised UiO-66 (NH2-UiO-66 (Zr)) was 
chosen as the parent MOF in a post synthesis modification campaign 
using glycidyl methacrylate (GMA) in the work of Molavi et al. [131]. 
GMA was chosen since it contains a number of functional groups 
including hydroxyl, ester and alkenes; the postulation being that a 
combination of amine and hydroxyl groups can increase the CO2 ca-
pacity more so than if the groups were used exclusively. The amine 
functionalised MOF (NH2-UiO-66) was produced by dissolving 2.27 
mmol (0.53 g) of zirconium (IV) chloride (ZrCl4) and 2.27 mmol (0.41 g) 
of 2-aminoterephthalic acid in 30 ml DMF at room temperature for an 
hour. The mixture is then heated to 120 ◦C for 24 h after which it was 
separated and washed with DMF and chloroform under sonication. The 
GMA modified MOF (GMA-UiO-66) was produced by suspending the 
NH2-UiO-66 nanoparticles (60 mg) in tetrahydrofuran (THF, 5 ml) 
through sonication for 20 min after which 1.6 mmol GMA was added 
and then heated to 55 ◦C for 36 h. With the amine functionalised sample, 
the FTIR spectra showed the presence of carboxyl groups and amine 
groups. With the post-modified sample, the amine groups are removed 
and replaced by hydroxyl groups while the carboxyl groups are retained; 
there was also a strong peak characteristic of ester carbonyl stretching 
indicating successful GMA attachment. NMR was able to confirm the 
presence of the 2-aminoterephthalate ligand as well as a successful 
conversion of primary amine groups in NH2-UiO-66 to secondary amines 
in GMA-UiO-66 (60%). The modification with GMA was able to enhance 
the chemisorption of CO2 and hinder the physisorption of N2, simulta-
neously improving the CO2 capacity and CO2 selectivity vs the unmod-
ified MOF. This promotion of adsorption capacity (CO2) is postulated to 
be a result of: 1) quadrupole-dipole interactions between CO2 molecules 
and polar amine, hydroxyl and ester groups; and 2) π-π interaction 
through alkene groups. The adsorption capacities achieved were 3.15 
mmolCO2/g and 4.28 mmolCO2/g for NH2-UiO-66 and GMA-UiO-66 
respectively. This improvement being the result of a successful graft-
ing of NH2-UiO-66 by GMA through a ring opening reaction between 
amino groups on the surface and the epoxy group in GMA molecules. 

4.3.5. Amination 
Most nitrogen-containing complexes provide basic sites with suffi-

cient binding energies for the attachment of weak acidic species such as 
CO2. The high electron-withdrawing property of the oxygen atoms 
present in CO2 makes the carbon centre electron-deficient (electro-
philic); hence, it binds to the electron-rich amine nitrogen [8]. Amina-
tion is an alternative term used to describe the process by which an 
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adsorbent is treated using ammonia gases. A form of thermal treatment, 
the adsorbents are heated to elevated temperatures (200 ◦C–1000 ◦C) in 
the presence of NH3 prior to cooling under an inert flow. Plaza et al. 
studied the effect of temperature on ammonia treatment and identified 
that a maximum CO2 capacity and nitrogen incorporation was reached 
at 800 ◦C without any prior oxidative treatments [243]. When treated 
with ammonia at high temperature the gas decomposes to free radicals 
such as NH2, NH, and atomic N and H. These free radicals may attack the 
carbon surface to form surface nitrogen functionalities (SNFs) [8,215]. 
Apart from the incorporation of basic nitrogen functionalities the 
removal of oxygen containing functionalities can significantly improve 
the basicity of the treated materials [215]. The presence of any oxygen 
containing SFGs prior to modification can also enhance the efficacy of 
ammonia treatments; these groups will decompose thereby increasing 
the activity of the free radicals further promoting the development of 
surface nitrogen functionalities such as amides and pyridines. 

4.3.6. Ammoxidation 
Another route to enriching the nitrogen content of adsorbent is via 

ammoxidation, developed on the basis of using an ammonia-air gas 
mixture in contrast to the use of a pure ammonia atmosphere during 
amination [8]. Ammoxidation describes the simultaneous oxidation and 
nitrogenation of the precursor and is considered to be one of the most 
effective methods of nitrogen-enrichment to carbon materials [244]. 
The ammoxidation process typically uses air and ammonia mixtures at a 
ratio of around 1:10 at 100 ml/min, 350 ◦C and a heating rate of 
5 ◦C/min for 5 h [245,246]. It is commonly used alongside treatment to 
enhance the textural properties such as pre-oxidation with hydrogen 
peroxide [246] or subsequent KOH activation [245,247]. Nitrogen 
contents upwards of 14 wt% can be realised; the predominant species 
being amine, amide and nitrile [248] although at higher temperatures 
these may transform or decompose to more stable species such as pyr-
rolic, pyridinic or quaternary nitrogen [246,249]. Capacities of above 4 
mmolCO2/g have been attained at 25 ◦C with these treatments although 
this is a result of both nitrogen content and porous structure [250]. 

4.3.7. Hydrothermal 
Hydrothermal treatments involve thermo-chemically converting the 

precursor in the presence of water, low amounts of oxygen, high- 
pressure (14 MPa–22 MPa) and temperature (120 ◦C–300 ◦C) for 1 to 
several hours [251]. The low energy due to mild conditions facilitates a 
controllable valorisation of watery wastes [18,91,252]. The hydrother-
mal treatment of D-glucose in the work of Yue et al. [253] involved 
mixing 15 g of D-glucose with 150 ml of water and subsequent heating at 
180 ◦C for 12 h. Carboxyl-rich porous carbons (CPCs) derived from 
glucose were prepared by a hydrothermal method in the presence of 
acrylic acid and non-ionic surfactant Brij72 as structure directing agents 
[254]. Here glucose and acrylic acid were dissolved in deionised water 
and heated at 423 K overnight meanwhile Brij 72 was dissolved in hy-
drochloric acid (HCl) at 323 K. The two solutions were then mixed at 
323 K and heated at 453 K for 16 h. The products were then solvent 
extracted in ethanol at 353 K for 12 h, filtered, washed and dried. Hy-
drothermal treatments of carbonaceous materials leads to products 
similar to that of pyrolysis without the need for extreme temperatures; 
the products tend to possess high carbon contents, numerous oxygen 
containing SFGs, dissolved minerals and well developed porosity [18, 
255–257]. 

4.3.8. Hydrothermal fusion 
Hydrothermal fusion is often employed to synthesise zeolites from 

various precursors such as fly ash (FA) [258]. The methods to synthesise 
various types of zeolites can be found in the literature [259–262]. 
Cancrinite-type zeolites were synthesised by Dindi et al. [229] via hy-
drothermal fusion. In this study, raw FA was fused with NaOH at a 
temperature of 500 ◦C in a ratio of 1:1.2 for 1 h. The product was then 
mixed with water at a liquid/solid ratio of 3 mL/g and hydrothermally 

treated at 140 ◦C for at least 5 h and was then filtered, washed (to 
neutralise pH) and dried. The transformation of mullite and quartz that 
were the predominant phases in the FA was confirmed by x-ray 
diffraction (XRD) spectra which showed primarily hydroxycancrinite 
(Nag[Al6Si6O24]OH2⋅3H2O) and small amounts of hydroxysodalite. 
Depending on the Si/Al ratio, NaOH concentration and hydrothermal 
temperature and time, different zeolites can be formed [229]; here the 
140 ◦C hydrothermal temperature and relatively high NaOH concen-
tration (~4 M) led to the formation of cancrinite. Temperatures for the 
fusion step can be between 550 ◦C [49,263] and 750 ◦C [50] with 
subsequent hydrothermal treatments in the range of 40 ◦C–140 ◦C [49, 
258]. A 2018 review paper has been published by Claudio Belviso that 
discusses in detail the various methods for zeolite synthesis from ashes 
[264]. 

4.3.9. Combinations 
It has been reported that combinations of chemical and physical 

activation techniques can accelerate the chemical changes in the ma-
terial and also, may facilitate the removal of hydrogen and oxygen 
[207]. A number of combined techniques have been evaluated such as 
H3PO4, ammonification and KOH [246] or nitric acid and KOH [171]. 
The synergies between these combinations being far reaching; their 
employment being highly specific to the end use of the adsorbent. Zhang 
et al. employed a combination of CO2 activation and ammonification 
with biochar in order to improve the adsorbents CO2 capture perfor-
mance; here a mixture of CO2 (100 ml/min) and ammonia (80 ml/min) 
was passed through a vertical tubular furnace containing the biochar (2 
g) at various temperatures (500 ◦C–900 ◦C) [265]. The combination of 
CO2 and ammonia was able to achieve the highest content of nitrogen at 
600 ◦C (3.98 wt%) when compared to the sample prepared with solely 
CO2 or ammonia modification. The ammonia-modified biochar exhibi-
ted a number of peaks within the FTIR spectra, namely: O–H, C–O, C–H 
and N–COO functional groups but also C––N and C–N confirming that 
high temperature ammonia treatment had introduced 
nitrogen-containing functional groups. The combination of CO2 and 
ammonia led to carbamate or carbamic acid (N–COO) skeletal vibration 
which increased with modification temperatures [265]. It was postu-
lated to be a result of one or two mechanisms. Mechanism A [46,266]: 
C–OH and C–O–C could react with ammonia to generate primary and 
secondary amines which would then react with CO2 to form N–COO. If 
the amine of N–COO was secondary, then mechanism B [92,254,267] 
could be prevalent which follows the dehydration reaction of the cor-
responding ammonium carbamate or carbamic acid leading to the for-
mation of pyridine C––N and C––O (lactones and ketones) which would 
serve as more active sites for the introduction and conversion of nitrogen 
functional groups [265]. 

5. Reagents 

5.1. Acidic 

Acidic modification is carried out using various oxidants with a view 
to increase the acidic properties of the sorbents by removing mineral 
elements and improving the hydrophilic nature of the surface [268]. 
Nitric acid (HNO3), sulphuric acid (H2SO4) and H3PO4 are widely used 
for this purpose. Acid type and activation time for common acids used in 

Table 2 
Effect of acid type on activation time (carbons), reproduced from 
the work of Kandah et al. [269].  

Activation Time (min) Type of Acid 

180 Acetic acid 
210 Phosphoric acid 
40–60 Sulphuric acid 
Instantaneously Nitric acid  
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the modification of adsorbents is given in Table 2 [269]. During the 
modification, oxygen-enriched functionalities are generated on the 
carbon surface including carboxylic, lactone and phenolic hydroxyl 
groups [270]. Oxidation by gaseous oxidants such as CO2, O2 and steam 
can also be used producing higher proportions of hydroxyl and carbonyl 
groups when compared to liquid-phase oxidation that increases the 
proportion of carboxylic and phenolic hydroxyl groups. Liquid-phase 
oxidation is less energy intense and can introduce a higher oxygen 
content than the gas-phase route. 

5.1.1. Phosphoric acid – H3PO4 
Phosphoric acid is a common reagent used for the activation of 

various carbon precursors and can facilitate this formation of AC at 
lower temperatures due to the chemical changes that it incurs. Phos-
phoric acid has two important functions: the promotion of pyrolytic 
decomposition of the initial material and the formation of a cross-linked 
structure [207]. Yadavalli et al. [271] investigated ammonium sulphate 
surface modification of phosphoric acid activated Douglas fir sawdust 
pellets. The precursor was first impregnated with H3PO4 at an impreg-
nation ratio of 1.5:1 or 3:1 for around 48 h. The biomass was then dried 
and carbonised using a microwave oven (700 W) where the temperature 
was maintained at 410 ◦C for 20 min. The greatest adsorption capacity 
was found with the biomass derived AC that had the highest impreg-
nation ratio and ammonium sulphate content due to the more developed 
pore structure that arises from the chemical activation. Highlighting the 
importance of pre-treatment when modifying the surface of adsorbents. 
Budinova et al. [207] studied the effect of H3PO4 impregnation on 
biomass with post-thermal treatments that included heating to 600 ◦C at 
3 ◦C/min for 1 h under N2 flow; heating to 600 ◦C at 3 ◦C/min for 1 h 
under N2 flow and then steam; and exclusively with steam at 700 ◦C for 
2 h. It was found that in the chemically activated sample the presence of 
carboxylic groups was much higher. The samples that underwent ther-
mal treatments in the presence of steam showed much lower contents of 
carboxylic and lactone groups but much higher contents of hydroxyl and 
carbonyl groups. The pH of the sample prepared with consecutive py-
rolysis was found to have the highest pH (6.5) representing it contained 
the highest number of basic surface functional groups. The use of H3PO4 
was also employed in similar fashion to Budinova et al. by Girgis et al. 
[17]. Both studies employed this reagent in order to enhance the 
properties of AC for the adsorption of p-nitrophenol (PNP) and methy-
lene blue (MB). Its application was found to increase the porosity where 
subsequent thermal treatments were used to increase the content of 
oxygen containing functional groups on the surface of the adsorbents. 
These oxygen-containing functional groups, however, were found to 
decompose at temperature over 800 ◦C whereas the phosphate 
acidic-type compounds persisted. Heidari et al. used phosphoric acid to 
produce AC from eucalyptus wood [146] with an impregnation ratio of 2 
(g/g) and carbonisation temperature of 450 ◦C. Due to the quantity of 
volatile matter within the precursor (cellulose and hemicellulose), the 
AC consisted of a significant amount of oxygen which has a great in-
fluence on the subsequent ammonia modification that was employed. 
This influence arises due to the decomposition of oxygen containing 
groups that are then replaced with nitrogen containing groups [146, 
246]. The FTIR spectra for the activated sampled showed the presence of 
phenol, alcohol and carboxylic acid as well as ketones and secondary 
cyclic alcohol. This was confirmed by XPS spectra that also showed the 
presence of graphite, carbonyls, quinones and carbonates. Titration of 
this sample demonstrated that the carbon had no basic groups on the 
surface and was entirely acidic: 5.3 meq/g. Activated carbon prepared 
from pine cone by H3PO4 activation in the work of Khalili et al. [272] 
employed the impregnation of H3PO4 and subsequent activation tem-
perature of 500 ◦C at 5 ◦C/min for 170 min under 100 ml/min N2 flow. 
Melamine-nitrogenated mesoporous AC has also been prepared via a 
single-step chemical activation with H3PO4 from a rice husk precursor 
[273]. Yaumi et al. impregnated alkali treated risk husk with 88 wt% 
H3PO4 at a fixed reaction of 1:2 wt% (Rice Husk:H3PO4). The sorbents 

were then impregnated with melamine in the presence of ethanol, stir-
red, dried and then heated to 500 ◦C for 1 h (5 ◦C/min). 

Fig. 2 exhibits the surface morphology of the materials as they are 
prepared. RH is non-porous with blocked surface whereas RHPAC and 
RHP-M1 exhibit highly developed porosity with both micro and meso-
pores. It was learned that the pore development results from the evap-
oration of volatiles and the reagent when heated to 500 ◦C leaving 
vacant space [274]. The phosphoric acid activated sample demonstrated 
a capacity of 3.42 mmolCO2/g, less than the melamine modified (4.41 
mmolCO2/g) but still significant. 

5.1.2. Hydrochloric acid – HCl 
Hydrochloric acid has been used in the process of acid digestion to 

remove ash from samples and concentrate carbon [231] or to remove 
impurities when synthesising zeolites from FA [275]. Its most frequent 
use is in the neutralisation and removal of residual traces of reagents 
such as KOH used for activation/modification [226,276,277]. There are 
instances of HCl being used for the purpose of adsorbent modification, 
but these tend to focus on pore development rather than surface modi-
fication. Bada and Potgieter-Vermaak compared HCl-modified and 
heat-treated coal FA and found that the acid was able to produce larger 
specific surface areas in the sorbent (5.4116 m2/g vs 2.9969 m2/g). This 
was deemed a result of the acid corroding the outer layer of the FA 
allowing a disintegration of its stable glassy layer. Corroborated by the 
SEM images that showed development of cracks that exposed the inner 
constituents of the FA thus, increasing micropore volume [278]. In the 
work of Zhao et al. [139], a number of extra-framework cations were 
introduced into N-doped microporous carbons and assessed as CO2 ad-
sorbents. It was realised that K+ ions play in key role in promoting CO2 
adsorption via electrostatic interactions; HCl molecules anchored in the 
carbon had a similar promoting effect, contradicting conventional wis-
dom that neutralisation of basic sites by acids diminishes CO2 adsorp-
tion. In this work, HCl was used to wash the developed N-doped carbon 
prior to washing with distilled water. The nitrogen content of this sor-
bent was 12.9 wt%, with 3.3 wt% Cl and could capture 4.03 mmolCO2/g 
at 25 ◦C and 1 bar. 

5.1.3. Hydrogen peroxide – H2O2 
Hydrogen peroxide was employed by Guo et al. as a pre-oxidation 

reagent for coconut shell prior to ammoxidation and KOH activation 
[246]. It is believed that the surface oxygen groups that are formed in 
the process of ammoxidation act as intermediate anchoring sites to 
introduce nitrogen functionalities [279]. If the introduction of addi-
tional oxygen groups can be achieved with prior oxidation, more ni-
trogen could be introduced with the subsequent ammoxidation. The 
carbonised coconut shell was treated with 10% H2O2 (1 g carbon:10 ml 
solution) for 2 h at room temperature. 

The morphology of the samples through the consecutive modifica-
tions can be observed in Fig. 3. Both C and HC (Fig. 3(a) and (b)) exhibit 
a smooth and bulky morphology. The nitrogen doping in the sample 
shown in Fig. 3(c) introduces wrinkles on the surface; Fig. 3(d) illus-
trates the effect of KOH activation. The sorbent possesses irregular and 
heterogeneous types of macropores on the surface [246]. The 
pre-oxidation treatment increased the oxygen content of the carbon 
from 17.07 wt% to 22.58 wt%; after ammoxidation the pre-oxidised 
sample exhibited a nitrogen content of 15.58 wt% vs 14.43 wt% 
without the pre-oxidation. The adsorbents also possessed a much nar-
rower microporosity than those without the pre-treatment and was able 
to capture 4.47 mmolCO2/g at 25 ◦C and 1 bar. The observed high ca-
pacity was a result of nitrogen content and narrow microporosity. 

5.1.4. Nitric acid – HNO3 
Nitric acid treatments can break down the pore walls and expand 

micropores into meso or macropores thus, facilitating a greater increase 
in acidic functional groups such as hydroxyl, carboxylic, ketonic and 
other oxygen containing moieties [280–282]. In the work of Shawabkeh 
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et al. [283] 100 g of oil FA was mixed with a mixture of 200 ml of 
concentrated sulphuric acid and nitric acid (volumetric ratios of nitric to 
sulphuric acid ranged from 5/95 to 20/80). The acid-ash mixture was 
then heated and stirred at 160 ◦C; further oxidation was achieved by 
passing a constant flow of air (5 ml/min). Heating was continued until 
the slurry became a black solid material. Demineralised water was 
added to further aid the ash activation. With the addition of sulphuric 
acid, no effect occurred however, when increasing the nitric acid con-
tent, a rapid increase in solution temperature was observed (up to 
150 ◦C) thus, deeming the reaction exothermic. The treatment with 
acids results in several sulphonation and nitrification reactions at the 
surface of the ash samples [269]. When increasing the nitric acid content 
(0%–20%) in the acid mixture, an increase in Si content was observed, 
0.99 wt% to 7 wt% as a result of the leaching of Mn, Ni and Zn from the 
ash. Interestingly sulphur content also increased from 71 wt% to 82 wt% 
with 10 wt% HNO3, above this, the sulphur content decreased to 77 wt% 
due to the oxidation of organic sulphur to produce sulphur dioxide. FTIR 
spectra clearly elucidated that when using nitric acid, the development 
of oxygen containing functional groups such as carboxylic groups is 
enhanced. The maximum functionalisation with the carboxylic acid 
group was found with 15% HNO3, above this, a decrease in the attach-
ment was seen. Fuming nitric acid was employed by Shen and Wang 
[80] to functionalise tetraphenyladamantane-based microporous poly-
imide. Here polyimide networks (PI-ADNT) (8 g) was added to 8 ml of 
fuming nitric acid at − 15 ◦C; then acetic acid (4 ml) and acetic anhy-
dride (2.4 ml) were added into the solution followed by stirring for 3 h, 
6 h or 12 h. The nitrated sorbents were termed PI-NO2-1, PI-NO2-2 and 
PI-NO2-3, respectively. The acetic acid and acetic anhydride were added 
to the reaction instead of the conventional sulphuric acid to avoid the 
possibility of sulphonation reactions. The nitration success was 
confirmed by the presence of NO2 groups within the FTIR spectra; 

solid-state C CP/MAS (cross-polarization with magic angle spinning) 
NMR spectra showed an enhanced peak characteristic of 
nitro-substituted carbons in phenyl or naphthalene groups. The degree 
of nitration increased with increased reaction time although the support 
was saturated as time exceeded 3 h [80]; 18.82 wt%, 20.04 wt% and 
20.06 wt% for PI-NO2-1 to 3, respectively. When increasing nitration 
time, a reduction in surface area and pore size is found as a result of nitro 
group occupation of the pores. In the samples nitrated for 6 h and 12 h, 
the porous channels were almost entirely blocked by these groups. The 
adsorption capacity of PI-NO2-1 was shown to be the highest at 4.03 
mmolCO2/g at 273 K and 1 bar (17.7 wt%) even with its lower surface 
area when compared to the unmodified sample. At 298 K the capacity 
was reduced to 2.02 mmolCO2/g. The lower capacity seen in the samples 
with higher nitration is due to the lack of ultramicropores (pore size less 
than 7 Å) that are present. It was identified that the adsorption capacity 
relies heavily on surface area, affinity of CO2 towards the polymer 
skeleton and microporous structure. The strong affinity of CO2 may be 
due to the large dipole moment of C–NO2 bonds that arises from the 
strong-electron-withdrawing effect of the nitro group [80]. The strength 
of this affinity can be seen when considering the selectivity of the sor-
bents. Those with higher nitrogen content demonstrated better selec-
tivity for CO2 when mixed with either N2 or CH4. Relative to meso or 
macroporous adsorbents, microporous materials would usually have a 
number of advantages for the selective adsorption of small gas molecules 
such as CO2 (3.30 Å) when mixed with CH4 (3.8 Å) and N2 (3.64 Å) [80]. 
The mesoporous sorbents PI-NO2-2 and PI-NO2-3 showed better selec-
tivity than the microporous PI-NO2-1 which can only be attributed to the 
enhanced affinity of the nitrogen doped sorbents towards the polar CO2 
gas. Nanoporous organic frameworks (NPOF) have also been 
post-modified in the work of Islamoglu et al. [77] using either fuming 
nitric acid or sodium dithionite. The procedure for modification using 
fuming nitric acid follows charging a round-bottom flask with 10 ml of 
concentrated H2SO4 and cooling to 0 ◦C where NPOF (100 mg) was 
added followed by dropwise addition of 93 μL fuming HNO3 and stirring 
for 90 min at the same temperature. The mixture was then poured into 
75 ml of ice and stirred for 30 min at room temperature after which the 
powder was filtered and washed with water and ethanol to produce 
NPOF-1-NO2 (108 mg). The key points of this method being the nitration 
of NPOF-1 at 0 ◦C in the presence of 2 equivalent of HNO3 per phenyl 
rung for 90 min. A nitration of NPOF-1 was also performed with excess 
HNO3 for 6 h at 0 ◦C and will be referred to as NPOF-1-NO2(xs); inter-
estingly this results in a much lower surface area (749 m2/g) when 
compared to NPOF-1-NO2 (1295 m2/g). The success of the nitration was 
confirmed by the presence of asymmetrical and symmetrical stretching 
of NO2 in the FTIR spectra. The excess nitration resulted in lower than 
expected levels of 1,4 substituted phenyl rings (~0.59 nitro/phenyl 
ring) while the controlled nitration yielded ~0.4 nitro per phenyl ring. 
The CO2 capture capacity of the two nitro-functionalised NPOFs was 
demonstrated to be 2.00 mmolCO2/g and 2.52 mmolCO2/g (at 298 K and 
1 bar) for NPOF-1-NO2(xs) and NPOF-1-NO2, respectively, lower than 
that for the amine derivatives. Sulphuric and nitric acid can also be used 
to incorporate amino/nitro groups on the surface of AC as demonstrated 
by Zhang et al. [284]. Here a two-step procedure is used, a nitration 

Fig. 2. SEM images of: Rice husk (RH); H3PO4 activated rice husk (RHPAC); and Melamine impregnated H3PO4 activated rice husk (RHP-M1) [273].  

Fig. 3. SEM images of (a) Carbonised coconut shell (C); (b) H2O2 pre-treated C 
(HC); (c) Nitrogen-doped HC (NHC); and (d) KOH activated NHC at 650 ◦C 
(NHC-650-1) [246]. 
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followed by reduction as in the aforementioned study. The sulphur-
ic/nitric acid mixture is used to tailor the surface of AC through the basic 
organic reaction introducing nitro groups after which these can be 
reduced to amino groups through reactions with acetic acid and iron 
powder. Sulphuric acid (60 ml, 98 wt%) and nitric acid (54 ml, 65 wt%) 
were mixed with deionised (DI) water (114 ml) producing 228 ml of 
solution; a concentrated solution was also prepared (228 ml 
H2SO4/HNO3). The nitration was performed at 323 K with AC (2 g) 
suspended in 80 ml of the acid mixture and stirred for 90 min; the two 
prepared samples were termed AC-NO2 and AC-NO2(strong) corre-
sponding to the acid strength used. The reduction in BET surface area 
and total pore volumes was strongest in the samples prepared with 
higher strength acids due to excessive oxidation and hence pore collapse 
[284,285]; those prepared with dilute acids only saw slight decreases. 
Interestingly, the average pore diameter increased suggesting that pore 
widening and not blockage occurred. The XPS spectra facilitated an 
evaluation of the atomic concentration of C, O and N; nitrated N content 
increased from 0 at% to 1.20 at% and O content increased from 5.85 at% 
to 16.11 at% indicative of the oxygen SFGs formed during nitration. 
Within the N content, deconvoluted peaks showed that pyrrolic and 
pyridonic-N were present as well as pyridine type N. The optimisation of 
nitric acid modification on mesoporous char derived from used cigarette 
filters has been demonstrated by Masoudi Soltani et al. [82]. The full 
factorial design of experiment sought to optimise the 2 factors: acid 
concentration and contact time. Nine experiments were conducted using 
concentrations of 2 mol/L, 5 mol/L and 8 mol/L and contact times of 2 h, 
5 h and 8 h. It was realised that acid concentration had a more signifi-
cant effect on BET surface area than contact time, the optimum condi-
tions being a concentration of 5 mol/L and a contact time of 5 h 
facilitating a BET surface area of 439 m2/g. The modification was seen to 
increase surface acidity by around 57.8% associated with the amount of 
carboxylic and phenolic surface groups; the oxygen content increased by 
a factor of around 2.5. 

5.1.5. Sulphuric acid – H2SO4 
The activation of bentonite was carried out by Wang et al. [286] 

using sulphuric acid where bentonite was added to different concen-
trations of H2SO4 (3, 6 and 9 M) at a fixed ratio of 10 ml to 1 g bentonite, 
heated to 95 ◦C and stirred at 600 rpm for 4 h in an oil bath. The 
intention was to develop a support that could be functionalised by 
immobilising an amine-functional polymer thus, producing a molecular 
basket sorbent or MBS. For all samples, an increase in pore volume and 
surface area along with a widening of pore size suggest that the acid 
treatment leads to the leaching of metal ions within the surface of 
smaller pores. Activation with 6 M acid was deemed optimum owing to 
the decrease in surface area and pore volume as a result of pore collapse 
and greater metal leaching at higher concentration [286]. The produc-
tion of AC from molasses has been demonstrated by Legrouri et al. [287] 
in 2004. Molasses were treated with sulphuric acid (37 N) in a 1:1 (w/w) 
proportion and heated at 10 ◦C/min to either 120 ◦C under air flow 
(MS), 550 ◦C under N2 flow (MS550 N) or 750 ◦C under steam flow 
(MS750V). The MS750S sorbent possessed a BET surface area of 1214 
m2/g while the other two were significantly lower at 343 m2/g and 402 
m2/g for MS and MS550 N, respectively. Chen and Lu were able to 
improve the adsorption capacity of kaolinite through sulphuric acid 
treatment from 0 mmolCO2/g to 0.08 mmolCO2/g [288]. The kaolinite 
was added to an acid solution (either 0.5, 1, 2 or 3 M) at a ratio of 1 g–10 
ml acid and were aged at 95 ◦C for between 3 h and 16 h. The 3 M so-
lution was found to be the most suitable as it resulted in the highest BET 
surface area and pore volume to 42.4 m2/g and 0.139 cm3/g, respec-
tively, after 3 h. This suggests the acid dissolves the metal ions present in 
the kaolinite and rearranges its crystal structure. The treatment intro-
duced surface hydroxyl groups. Li et al. investigated the influence of 
nitrogen, sulphur and phosphorous doping on AC for CO2 capture [289]. 
The sulphur doping was achieved by adding the carbon precursor (1.7 
ml of 37 wt% formaldehyde) and template (1 g of hexagonally packed 

mesoporous silica) to a mixture of resorcinol (0.935 g), ethanol (21.25 
ml) and various amounts of H2SO4 (98 wt%) followed by polymerisation 
and carbonisation. The SEM images of the carbons prepared with 
various acid catalysts are exhibited in Fig. 4; it was learned that the 
morphology was influenced by the type and quantity of acid. The HMS 
template possesses plate-like particles not seen in the derived carbon 
regardless of acid type [289]. The sponge-like network in the carbons 
may be a result of polymerisation of the outside HMS. With phosphoric 
acid the sorbents possess myriad interconnected particles of irregular 
shape forming macropores in the voids. For the sulphur doped coun-
terparts, when increasing the amount of acid (S1 to S3) the spongy 
texture is lost and replaced by rod-like particles. 

Sulphur doping was shown to be the most effective in improving CO2 
adsorption, the sample with the greatest sulphuric acid addition (1.128 
g) reached a capacity of 3.6 mmolCO2/g at room temperature and 100 
kPa. This postulated to be a result of the formation of strong pole-pole 
interactions due to the existence of sulphur SFGs with no dependence 
on BET surface area performing better than a commercial AC with BET 
surface area of 3180 m2/g. The nitrogen and sulphur co-doping of 
microporous AC was achieved in the work of Sun et al. [290] by sul-
phonation reactions simultaneously acting as a cross-linking agent and 
sulphur source. The carbon was produced by sulphonated poly 
(styrene-vinylimidazole-divinylbenzene) macro-spheres followed by 
carbonisation and KOH activation. The sulphonation involved dwelling 
resin spheres (5 g) in 1,2-dichloroathan (10 ml) for 12 h and then 
treating with concentrated H2SO4 (10.87 ml) for 2 h at 180 ◦C. The 
treatment led to the grafting of sulphonic acid SFGs onto the benzene 
and imidazole rings which worked as cross-linking agents and sulphur 
sources during the subsequent carbonisation [291]. Of the KOH acti-
vated sample, the sulphur species were reduced, and mainly present as 
mono-oxidised sulphur and neutral sulphur. Without KOH activation, 
sulphur is present mainly as sulphonic acid and sulphoxides. Capacities 
upwards of 4.2 mmolCO2/g were achieved at 25 ◦C and 1 bar with the 
co-doped sorbents. 

5.2. Basic 

When the surface of a carbonaceous adsorbent contains a large 
number of oxygen-containing acidic groups, the contribution of reso-
nating π-electrons to carbon basicity is overshadowed. Basic treatment 
induces a positive charge on the surface that enhances the adsorption of 
negatively-charged moieties [270]. Given the acidic role of CO2 (weak 
Lewis acid); the introduction of Lewis bases onto the surface of adsor-
bents may favour CO2 capture performance [7]. One way of increasing 
the basicity is to remove or neutralise the acidic functionalities or by 
replacing the acidic groups with proper basic groups (e.g. basic nitrogen 
functionalities) [215]. This can improve the interaction between the 
surface and acidic species via dipole-dipole interactions, hydrogen 
bonding and covalent bonding; treatment with hydrogen or ammonia at 
high temperatures (400 ◦C–900 ◦C) is seen most frequently [270]. When 
reacting with ammonia, nitrogen groups are formed on the surface. 
Nitrogen functionalities can also be introduced via reaction with nitro-
gen containing precursors such as ammonia, nitric acid and the multi-
tude of amines; or chemical activation in a nitrogen enriched 
environment [215,271,292]. Possible forms of nitrogen that can exist 
include the groups: amide, imide, lactame, pyrrolic and pyridinic groups 
[270]. Basic treatments can also be used to produce synthetic zeolites; 
the main product formed during alkali activation of FA, for example, is 
an amorphous alumino-silicate gel or zeolite precursor [293]. The dif-
ference between zeolite synthesis or alkali modification lies with 
experimental conditions. For zeolite synthesis, high concentration of 
hydroxide ions is responsible for the decomposition of Si–O–Si and 
Al–O–Al bonds which then form Al–OH and Si–OH groups. These species 
are then condensed leading to the precipitation of zeolitic precursors. It 
is also well known that hydroxides open more micro and macropores in 
carbonaceous materials during chemical activation [294]. 
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5.2.1. Potassium hydroxide – KOH 
Potassium hydroxide (KOH), although basic in nature, is most often 

employed to generate porosity via either solid-solid reactions or solid- 
liquid reactions [7]. As a result, KOH is more suitably termed an acti-
vation agent rather than an agent used for surface modification; but the 
enhancements to pore structure and surface area [29] that can be real-
ised, renders it an important tool in increasing the available sites for 
subsequent surface modification or doping [295]. Phenolic hydroxyl 
and carboxyl groups often become weaker after treatment with KOH and 
the alkaline solution may act to neutralise the acidic groups on the 
surface of the sorbent [296]. For activations below 700 ◦C, the main 
products are generally believed [297] to be H2, H2O, CO, CO2, K2O and 
K2CO3 as shown in the first 4 reactions (Eq. (16) - Eq. (19)). Potassium 
hydroxide dehydrates into K2O at 400 ◦C, then carbon is consumed by 
the reaction of carbon and H2O with the emission of H2. Potassium 
carbonate is formed by the reaction of K2O and CO2 which is produced in 
the 3rd reaction (Eq. (18)) [298]. A number of studies indicate that 
K2CO3 forms at c.400 ◦C and at over 600 ◦C, KOH is completely 
consumed [299]. The as-formed K2CO3 in Eq. (19) and Eq. (21) 
decompose into CO2 and K2O at temperatures above 700 ◦C and 
completely disappear at c.800 ◦C [298]. The resulting CO2 can be further 
reduced by carbon to form CO at high temperatures (Eq. (23)). The 
potassium compounds K2O and K2CO3 can also be reduced by carbon to 
produce metallic K at temperatures over 700 ◦C (Eq. (24) and Eq. (25)). 

2KOH → K2O + H2O Dehydration (16)  

C+H2O→H2 + CO Water − gas reaction (17)  

CO+H2O→CO2 + H2 Water − gas shift reaction (18)  

K2O+CO2→K2CO3 Carbonate formation (19)  

C+K2O→2K + CO Reduction by carbon (20)  

6KOH + 2C→2K + 3H2 + 2K2CO3 Global reaction (21)  

K2CO3 → K2O + CO2 (22)  

CO2 +C→2CO (23)  

K2CO3 + 2C→2K + 3CO Reduction by carbon (24)  

K2O+H2→2K + H2O Reduction by hydrogen (25) 

Based on these observations; three primary activation mechanisms 
occur within this treatment [297,298]:  

1. Redox reactions between various potassium compounds and carbon 
etches the carbon framework generating a network of porosity.  

2. The formation of H2O and CO2 acts to gasify the carbon further 
adding to the development of porosity.  

3. The metallic K intercalates into the carbon matrix thereby expanding 
the lattice. Upon removal of this K and its compounds the expanded 
lattices are unable to return to their previous non-porous structure. 

The process then, encompasses both chemical and physical activa-
tion along with lattice expansion. The mechanisms are highly dependent 
on the activation parameters (amount of KOH, temperature etc.) and the 
reactivity of the carbon source. 

Serafin et al. [300] used potassium hydroxide to prepare ACs from a 
number of biomass sources in a single-step method using saturated KOH 
solutions for 3 h at a ratio of 1:1 (w/w) followed by carbonisation 
(700 ◦C) for 1 h (under N2). The precursor was learned to be decisive in 
the textural properties of the resulting carbon. Determination of the 
effective pore ranges was achieved by evaluating CO2 adsorption at 
various temperatures and pressures. At 273 K and 1 bar, micropores of 
between 0.3 nm and 0.86 nm were deemed the most effectual. At typical 
flue gas conditions (PCO2 = 0.15 bar) this range was 0.3 nm–0.57 nm 
facilitating a capacity of 1.25 mmolCO2/g. The carbon precursor, 
although important, is not the only factor to consider when employing 
KOH as a reagent. Sudaryanto et al. [301] evaluated the effect of car-
bonisation duration (1 h–3 h), temperature (450 ◦C–750 ◦C) and 
impregnation ratio (1:2–5:2, w/w) when chemically activating cassava 
peel. With an impregnation ratio of 1:1, carbonisation temperature 
showed little effect on the porosity of the products; BET surface area and 
total pore volume were not significantly impacted although this was not 
evaluated at other impregnation ratios. The assumption that carbon-
isation temperature variation would influence pore development was 
demonstrated. Increasing the temperature from 450 ◦C to 750 ◦C 
increased the evolution of volatile matters adding to the development of 
porosity. It was confirmed that both micro and mesopores could be 
produced between 450 ◦C–650 ◦C; at 750 ◦C the developed pores were 
predominantly in the mesopore region. Increasing the impregnation 
ratio (at 750 ◦C for 1 h) led to a decrease in pore development due to the 
promotion of oxidation and thus, gasification of the carbon due to the 
elevated presence of KOH. At higher ratios the intercalation effects of 
metallic K are more significant thereby adding to the development of 
mesopores through the widening of existing micropore structure. Tseng 
et al. prepared high surface area AC from corncob via KOH etching and 
CO2 gasification [302]; in a previous study [303], impregnation ratios 
were classified as two types (I and II). The reactions of type I include 
surface activation and micropore etching and type II describe solely 
micropore etching. The combined method employed wet impregnation 

Fig. 4. SEM images of HMS and the prepared carbons with various amount of acid catalyst: (HMS) hexagonally packed mesoporous silica; (TC) pure templated 
carbon; (N2) N-doped; (P2) P-doped; (S1)-(S3) S-doped carbons prepared with various amounts of acid catalysts [289]. 
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(KOH:precursor of 1:1 and 4:1 by mass) and subsequent carbonisation at 
780 ◦C for 1 h under N2 flow; after this the N2 was switched to CO2 for 
gasification. The CO2 gasification post-treatment was found to be less 
significant for KOH ratio of 4. A ratio of precursor to KOH of 4 was also 
employed by Stavropoulos et al. [277]. The use of KOH often leads to the 
loss of nitrogen from carbon frameworks [245] and so, is often employed 
in combination with other reagents to increase the content of nitrogen 
such as urea [295,304–306]. Chen et al. [86] carbonised dried crab 
shells which were then impregnated with KOH solution at various ratios 
(KOH/C) for 2 days. The mixtures were then heated to 500 ◦C–700 ◦C for 
90 min under N2 flow and termed CS-X-Y. Increasing the ratio from 0.5 
to 2 at 600 ◦C led to an increase and then decrease in CO2 capacity, the 
optimum ratio at 0.15 bar (PCO2) was identified at 1 but at 1 bar it 
increased to 1.5. Fixing the ratio at 1.5 and increasing temperature from 
500 ◦C to 700 ◦C leads first to an increase and then a decrease in ca-
pacity; 650 ◦C was learned to be the optimum: 4.37 mmolCO2/g at 25 ◦C 
and 1 bar and 1.57 mmolCO2/g at 0.15 bar. Potassium hydroxide acti-
vated crab shell was transformed into a solid uniform carbon monolith. 
The nitrogen species on the ACs included pyridinic-N (25.6%–35.1%), 
pyrrolic-N (45.1%–47.3%), quaternary-N (11.7%–20.1%), and 
pyridinic-N-oxide (6.6%–11.3%). Although the micropore filling 
mechanism dominated CO2 adsorption on the well-developed ACs, the 
effective N-containing groups such as pyrrolic-N on the adsorbent sur-
face played an important role in the adsorption of CO2 on the 
less-developed ACs [86]. ACFs derived from PAN saw a series of modi-
fications either by KOH or tetraethylenepentamine (TEPA) by Chiang 
et al. [307] in an attempt to identify the relationship between CO2 
capture performance and the primary material parameters (porosity and 
nitrogen content). ACF was immersed in an aqueous KOH solution 
where KOH:ACF = 2:1 (w/w) and mixed in ultrasonic equipment for 10 
min at room temperature, dried and then heated to 800 ◦C (10 ◦C/min) 
and held for 1 h under N2 flow and termed aACF. The hydroxide treat-
ment boosted the appearance of meso and micropores through aiding 
the development of porosity and forming a pore skeleton through the 
intercalation of K in the carbon lattice. Here, KOH was demonstrated to 
not only generate new micropores [308] but also widened existing pores 
such that all pore size ranges saw an increase in volume. The loss of a 
significant portion of N atoms that originated from the ACF precursor 
was also observed. The majority of the oxygen SFGs were of –OH and 
C––O groups, whereas 6 nitrogen SFGs were found, namely: pyrro-
lic/pyridonic-N > nitro > quaternary-N alongside aromatic-N-imines, 
pyridine-type N and pyridine-N-oxides. Due to the difficulties in differ-
entiating between pyridonic and pyrrolic-N [123], it was postulated that 
due to the presence of oxygen on the surface and that pyrrolic-N is more 
unstable than pyridonic-N at elevated temperatures [85], it is likely that 
pyridonic-N persisted rather than pyrrolic-N during the KOH process. 
CO2 capture capacity was demonstrated to be 2.74 mmolCO2/g, higher 
than the unmodified and TEPA modified samples. It was suggested that 
this capacity was a result of the sample having the highest percentage of 
imine and pyridonic groups although it was identified that capacity was 
highly associated with micropores and especially ultramicropore vol-
ume as well as O-SFGs, indicating that O–C coordination is important. 
Wang et al. reported a facile synthesis procedure for nitrogen doped 
porous carbons (NPCs) that incorporated a combination of large surface 
areas, well-defined micropore sizes, and variable nitrogen by using 
polyimine as the carbon precursor [309]. The porous polyimine was 
prepared based on Schiff base condensations between building blocks 
with polyformyl and polyamino functionalities namely, m-phenyl-
enediamine and terephthalaldehyde [310]. The subsequent KOH acti-
vation procedure followed the solid-solid mixing of polyimine and KOH 
pellets at a weight ratio of 2:1 and heating to between 600 ◦C and 750 ◦C 
for 1 h (3 ◦C/min) under argon flow. The polymer prepared without 
solvents (SFRH) by a melting-assisted method by Zhang et al. [311] 
involved mixing and grinding resorcinol (2.2 g) and hexamethylene-
tetramine (0.84 g) for 10 min at room temperature after which it is 
heated and cured at 160 ◦C for 24 h. Potassium hydroxide was then used 

to introduce porosity in the carbon, SFRH polymer (1 g) was immersed 
in aqueous KOH solution (200 ml) at various mass ratios (1–3:1), after 
which it was pyrolysed at between 600 ◦C–800 ◦C (10 ◦C/min) for an 
hour; hereafter it will be denoted as SNMC-x-y where x denotes mass 
ratio and y activation temperature. 

The precursor SFRH shown in Fig. 5(a) has a bulky and smooth 
morphology with no visible porosity; after activation at 600 ◦C (Fig. 5 
(b)) the particles become spongy and three-dimensional with a vast 
number of irregular pores. For SFRH, FTIR spectra showed the stretching 
vibration of C–O, methylene bridge and C–N and N–H bonds; after 
activation the bands of benzene rings disappeared but N–H vibrations 
were still visible indicating partial preservation of its nitrogen content. 
When the KOH/SFRH ratio is 1 or 2 the samples possess an abundance of 
micropores, at a ratio of 3 the pores become wider; this same trend can 
be seen with specific surface area and pore volume that increase with 
higher pyrolysis temperatures at the expense of the N-content. Binding 
energies of pyridine and pyrrolic/pyridonic-N were identified. The 
corresponding area ratios were measured to be 1:4.3, 1:6.1 and 1:2.2 for 
SNMC-1-600, SNMC-2-600 and SNMC-3-600, respectively - further 
reinforcing the greater stability of pyridonic-N vs pyrrolic-N [176] in 
harsher activation conditions [311]. SNMC-2-600 exhibited the best 
capacity at 1 bar and 298 K of 4.24mmolCO2/g due to adsorption being 
dominated by microporous channels of 0.5–1 nm at 1 bar. At 0.15 bar 
and 298 K, SNMC-1-600 demonstrated the highest capacity of 1.41 
mmolCO2/g due to its higher nitrogen content which can significantly 
enhance performance at lower CO2 partial pressures. 

5.2.2. Sodium hydroxide – NaOH 
Chemical activation using alkalis can also be achieved using NaOH. 

It is worth noting that in the context of carbonaceous materials, when 
there exists a more ordered pore structure their morphology remains 
unchanged with both potassium and sodium hydroxide activation. 
However, for poorly ordered carbons, KOH tends to destroy nanotubular 
morphology. This is due to the production of metallic K which has the 
ability to intercalate into all materials where Na can only intercalate 
with disorganised ones [7]. Consequently, activation with NaOH can be 
considered less damaging to the precursor. In this type of reaction 
(solid-hydroxide) the reactivity of the solid has to be a key factor. Higher 
temperatures are required in order to permit reactions [312] since NaOH 
is less reactive than the previously discussed KOH. The reaction between 
NaOH and carbon begins at around 570 ◦C vs the 400 ◦C for KOH and 
carbon [299]. The global reaction between carbon and NaOH is 
described in Eq. (26) [312]: 

6NaOH + 2C→2Na + 3H2 + 2Na2CO3 (26) 

Boujibar et al. [90] have demonstrated the use of sodium hydroxide 
to produce nanoporous AC sourced from argan fruit shells. The 
carbonised argan shells (700 ◦C, 10 ◦C/min for 1 h under N2 flow) were 
either impregnated with the agents (NaOH or KOH) or mixed physically. 
The impregnation followed mixing the precursor (4 g) with the solution 
(16 g hydroxide in 50 ml distilled water) which was then ages at 60 ◦C 
for 2 h. In the latter case, NaOH or KOH beads (16 g) were mixed with 
the precursor (4 g) at room temperature in the absence of water. After 

Fig. 5. SEM images of: (a) the polymer SFRH; and (b) SNMC-1-600 [311].  
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both processes, the samples were heated to 850 ◦C (5 ◦C/min) for 1 h 
under nitrogen flow. SEM images (Fig. 6) demonstrate that KOH acti-
vation leads to a honeycomb-like structure with smooth spherical voids, 
more prevalent with the impregnated sample. In the case of NaOH 
activation, the carbons exhibit irregular and inconsistent morphology 
perhaps a result of the less reactive chemical agent. The NaOH 
impregnated sample possessed a BET surface area of 1826.96 m2/g, 
micropore volume of 0.23 cm3/g and nitrogen content of 12.61 wt% 
facilitating a capacity of 3.73 mmolCO2/g at 25 ◦C and 1 bar. Singh et al. 
have investigated the effects of various agents (sodium amide (NaNH2), 
NaOH and K2CO3) when synthesising modified porous carbon from 
polyacrylonitrile [313]. The carbonised polyacrylonitrile (800 ◦C, 
10 ◦C/min, 2 h under N2 flow) was mixed with the activating agents at 
four different ratios (1:1 to 1:4, carbon:agent) overnight (for NaOH and 
K2CO3) and then carbonised at 800 ◦C for 2 h. When increasing the ratios 
from 1 to 3, SBET, Vtotal and Vmicro increased from 754 m2/g to 1020 
m2/g, 0.42 cm3/g to 0.57 cm3/g and 0.32 cm3/g to 0.51 cm3/g, 
respectively. At a ratio of 4, all of these properties were shown to 
decrease. 

The SEM images exhibited in Fig. 7 illustrate the development of 
porosity with various reagents. Raw PAN is spherical and becomes 
irregular after carbonisation without the development of any pores. 
Activation with NaNH2, NaOH or KOH produces pores as a result of the 
evaporation of volatile matters. When activating with this chemical, Na+

can be introduced and will replace various phenolic and carboxylic ions 
[314]. The prepared carbons were able to capture up to 2.2 mmolCO2/g 
(30 ◦C and 1 bar), at a ratio of 4 the capacity was shown to be 1.98 
mmolCO2/g due to a decrease in surface area. A combination of com-
mercial adsorbents (zeolite, GAC and ACF) were modified with various 
alkaline agents (NaOH, K2CO3, DEA, aminomethyl propanol (AMP) and 
MEA + AMP) by Liu et al. [315]. The excess impregnation method was 
employed whereby the agents (1 M) were dissolved in deionised water 
and the adsorbent added (1.5 g per 100 ml solution) and stirred at 95 ◦C 
for 2 h. The NaOH modified ACF was demonstrated to have the highest 
CO2 uptake whereas the performance of the zeolite was better enhanced 
with the K2CO3 modification. This was postulated to be a result of the 
smaller molecular size of NaOH and K2CO3 than the organic molecules 
meaning they can diffuse into the porous structure mitigating any pore 
blockage effects. The alkaline modification of the zeolite reduced the 
heat of adsorption, thereby suggesting that these would provide weak 
adsorption sites for CO2 making regeneration less energy intensive. 

Reinik et al. demonstrated that the hydrothermal activation of oil 
shale FA with NaOH could increase the physical adsorption of CO2 from 
0.06 to 3–4 mass%. The hydrothermal activation technique was used to 
develop synthetic calcium-silica-aluminium hydrates, mainly 1.1 nm 

tobermite and katoite. The concentration of NaOH (1–8 M NaOH solu-
tion) and reaction temperature (130 ◦C and 160 ◦C) were varied whilst 
maintaining solid/liquid ratio and reaction time. Sodium hydroxide is 
often employed as a reagent when synthesising zeolitic phases from 
various precursors such as FA [229,230]. The synthesis of 
cancrinite-type zeolite via hydrothermal fusion in the work of Dindi 
et al. employed NaOH. Sodium hydroxide was fused with FA in order to 
breakdown the crystalline phases within the FA (Quartz and Mullite) 
and convert them into more soluble sodium silicates and aluminates as 
shown in Eq. (27) and Eq. (28). 

Upon treating hydrothermally the sodium silicates and aluminates 
formed during the fusion reaction dissolve to form monomeric SiO4

− 4 

which undergo a condensation reaction to form polymeric amorphous 
aluminosilicates after which nucleation and growth of the zeolite crystal 
begins on the surface of the aluminosilicate particles [229]. A significant 
body of information regarding the synthesis of zeolites can be found in 
the work of Belviso [264]. 

Interestingly, the silicate-rich filtrate by-product obtained after the 
hydrothermal synthesis of zeolites from FA (20 kg FA, 12 kg NaOH, 90 
dm3 H2O at 80 ◦C for 36 h) has been demonstrated as a suitable source to 
produce MCM-41 [316]. Sodium hydroxide has also found applications 
as a binder for amine-functionalised mesoporous silica. Klinthong et al. 
[317] employed a binder solution of polyallylamine (PAA) and NaOH to 
construct pellets from powdered MCM-41 functionalised with PEI or 
APTES. The solution that contained 3% PAA and 2% NaOH was iden-
tified as the most suitable for pelleting the silica adsorbents whilst 
maintaining considerable CO2 capacity compared to the powdered sor-
bent (~90%) and improving significantly the mechanical strength 
(>0.45 MPa) and thermal stability. These sorbents then proving to be 
promising for large-scale applications when applying temperature swing 
adsorption (TSA). 

Fig. 6. SEM images of the prepared ACs: (a) KOH physically mixed; (b) KOH 
impregnated; (c) NaOH physically mixed; (d) NaOH impregnated. 

Fig. 7. SEM images of: (a) raw PN; (b) PN-800; (c) PN-3-NaNH2; (d) PN-3- 
NaOH; and (e)–(f) PN-3-K2CO3 [313]. 
2NaOH+SiO2→Na2SiO3 + H2O Quartz (27)  

4NaOH+SiO2⋅Al2O3→2NaAlO2 + Na2SiO3 + 2H2O Mullite (28)    
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5.2.3. Ammonium hydroxide – NH4OH 
Ammonium hydroxide (NH4OH) has been used to functionalise oil 

FA using wet impregnation techniques [293] by Yaumi et al. The ash 
sample (100 g) was mixed with NH4OH (300 ml) and refluxed for 24 h 
after which half was dried at room temperature and half at 105 ◦C for 24 
h. Large portions of alkali, alkali earth and metal oxides were leached 
out based on their water solubility, while non-metallic oxides of sulphur 
remained in the carbon matrix. The low ionisation energy of metal ox-
ides meant that more metal hydroxide ions existed in the reaction 
mixture. The silicon oxide could then be separated by settling. The XRD 
analysis confirmed the dominance of crystalline carbon, quartz and 
mullite phases in the activated sample. An increase in surface area and 
pore volume was seen in the activated sorbent, 59 m2/g to 318 m2/g and 
0.0368 cm3–0.679 cm3, respectively, with the average pore diameter 
widening from 133 Å to 147 Å as a result of the ammonium hydroxide 
molecules diffusing into the pores of the ash permitting further reactions 
with the carbon. The presence of amino, hydroxyl and amide groups on 
the adsorbent’s surface were confirmed by FTIR analysis. The modifi-
cation facilitated an equilibrium capacity of 5.45 mmolCO2/g. He et al. 
have shown that hyperbranched polymers can be functionalised to 
quaternary ammonium hydroxide groups that can reversibly capture 
CO2 via humidity swing [318] and were able to achieve a 3–4 fold in-
crease in the reaction kinetics compared with the Excellion membrane. 
Ammonium hydroxide has also been employed to introduce –NH2 
functional groups within the pores of mesoporous silicas (SBA-15) 
[319]. Ullah et al. dissolved the prepared SBA-15 (1 g) in the ammonium 
hydroxide solution (5 ml, 50 wt%) followed by the addition of deionised 
water (2 ml), the mixture was then stirred for 3 h. The structure of the 
modified SBA-15 (MSBA-15) was unchanged but its capacity was more 
than double the unmodified sample, 1.651 mmolCO2/g vs 0.6462 
mmolCO2/g at 25 ◦C and 1 bar. The authors attributed this improved 
performance to the sorbents increased affinity to CO2 as a result of the 
introduced amine group [320] since the performance of MSBA-15 and 
SBA-15 were similar at elevated pressures (200 bar) and temperatures 
(65 ◦C). 

5.2.4. Ammonia – NH3 
High temperature treatments with ammonia will lead to the intro-

duction of nitrogenous SFGs and the removal of acidic oxygen SFGs. It 
has been shown that the specific method of modification will govern the 
specific species of nitrogen that are introduced [244,321]. It has been 
shown by Pietrzak [322] that the order of modification methods can also 
significantly influence the amount of nitrogen that can be introduced. In 
this case, (ammoxidation after activation) the doped nitrogen acted to 
decrease pore volume, surface area and hence capacity due to a pore 
blockage effect. Interestingly however, the species that were introduced 
were independent of the methodology as a wide range of species were 
identified. Geng et al. used a one-step synthesis (activation + modifi-
cation) technique to produce N-doped monolithic carbons by carbon-
ising corncob under N2 flow at 400 ◦C and subsequently activating the 
carbons using NH3 at 400 ◦C–800 ◦C [323]. Activation temperature and 
duration were varied to compare their effect on the synthesised adsor-
bents. With an activation temperature of 400 ◦C, nitrogen could be easily 
doped into the carbon; however, pore development was learned to be 
difficult. At higher temperatures (800 ◦C) an increase in nitrogen con-
tent was found (12 wt%), much higher than other chemical activation 
methods [323]. This differs from the literature where it is common to see 
that at over 500 ◦C the N-content would decrease due to the high 
volatility of the N-containing species; this implies that for this case the 
amount of N-doping was higher than the removal of N at these higher 
temperatures. With activation conditions of 800 ◦C and 4 h, the pore size 
distribution is similar to porous carbons prepared by KOH activation. 
When considering the N-groups on the surface, FTIR analysis found 
peaks characteristic of pyridine and quinoline. This is corroborated by 
the XPS spectra that identified pyridine-N, pH-NH2, pyrrolic-N, qua-
ternary-N and N-oxides. The presence of these groups was shown to be 

dependent on activation temperature with Ph-NH2 seen at < 400 ◦C, 
pyridine-N and Ph-NH2 at > 600 ◦C and all of the groups seen above 
750 ◦C. At this temperature, the volatility of these groups means that 
above 800 ◦C only the pyridine-N and Ph-NH2 groups remain. These 
groups are often considered the most effective groups for CO2 capture 
due to the preferred interactions between CO2 and the electronegative 
N-containing groups [172,323]. Thermodynamically, the direct reaction 
between carbon and NH3 (Eq. (29)) is only favourable at high temper-
atures. Geng et al. postulated that the ability to realise high amounts of 
N-doping at lower temperatures could be attributed to the 
oxygen-containing functional groups that exist within the precursor (i.e. 
corncob). 

NH3(g)+C→HCN(g) + H2(g) (29) 

These O-containing groups react with the NH3 to form amine con-
taining sites such as Ph-NH2 moieties; when increasing the activation 
temperature the carbon itself reacts with the NH3 forming pores by 
transforming carbon into hydrogen cyanide gas (HCN) during which N 
atoms are doped into the aromatic rings [323]. This was confirmed by 
comparing the activation with conventional KOH which would remove 
any O-groups prior to modification with NH3. Subsequently, ammonia 
can be simultaneously used to activate and modify the surface of 
carbonaceous precursors. The highest capacity (2.81mmolCO2/g) was 
associated with an activation temperature of 800 ◦C and 3 h of reaction 
time. The sorbent also had a selectivity towards CO2 over N2 of 82:1 
[323]. Heidari et al. used ammonia modification on eucalyptus 
derived-AC where instead of utilising pure gaseous ammonia, a nitrogen 
stream was first blown on an ammonia solution, the mixture was then 
introduced to the AC and then treated thermally [146]. AC (4 g) was 
heated to 400 ◦C in the presence of the aforementioned gas mixture and 
held for 2 h. The same procedure was conducted at 800 ◦C. This method 
of modification facilitated an increase in nitrogen content from 0.52 wt 
% for the unmodified carbon to 3.14 wt% and 7.76 wt% for the modified 
carbon at 400 ◦C and 800 ◦C, respectively. The ammonia heat treatment 
here caused decomposition of the ammonia to free radicals such as NH2, 
NH and atomic H and N; attractions of these free radicals to carbon 
surface; and formation of nitrogen containing functional groups. Amides 
and nitriles are created by the reaction of ammonia with carboxylic acid 
sites that exist in the carbon (Eq. (30)) [215,296]. Amine functionality 
can also be created by the substitution of OH groups (Eq. (31)); imine 
and pyridine can be formed by replacement of ether like oxygen surface 
groups by –NH– at high temperatures by the reaction of carbon with 
ammonia and then by a dehydrogenation reaction [215,296]. The 
decomposition of oxygen functional groups such as CO2 and CO when 
treated at 800 ◦C compared to 400 ◦C, explains the higher N-content in 
the two modified sorbents. 

− COO− NH+
4 ̅̅̅→

− H2O
− CO − NH2̅̅̅→

− H2O C ≡ N (30)  

− OH + NH3→ − NH2 + H2O (31) 

The FTIR spectra of both modified and un-modified samples indi-
cated the presence of phenol, alcohol and carboxylic acid as well as 
ketones and secondary cyclic alcohol. In the modified samples there 
existed aromatic bonds and carbonyl. The basicity of the modified 
samples evaluated using Boehm titration indicated that at higher tem-
peratures (800 ◦C) a higher content of basic groups could be achieved, 
0.315 meg/g vs 0.062 meq/g for the 400 ◦C treatment. XPS results 
showed that for all samples seven components were present: graphite, 
phenols, ethers/alcohols, carbonyls, quinones and carboxylic groups as 
well as carbonates. The modified samples however, showed four further 
peaks: pyridine, pyrrole, quaternary nitrogen and N–F - with pyridinic 
and pyrrolic at higher concentrations in the high temperature modifi-
cation and quaternary and N–F higher in the low temperature modifi-
cation. The ammonia treatment was able to increase the presence of 
nitrogen from 0 wt% to 13.9 wt% and 18.3 wt% for the low and high 
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temperature modifications, respectively. The greatest CO2 capacity was 
exhibited by the 800 ◦C sample (3.22 mmolCO2/g) vs 1.10 mmolCO2/g 
and 2.98 mmolCO2/g for the 400 ◦C and unmodified samples, respec-
tively. Interestingly here, the unmodified sample had a higher capacity 
than the low-temperature modified sorbent. This was identified as a 
result of the textural properties. The 400 ◦C sorbent had the lowest 
micropore volume (80%) and highest pore diameter (2.44 nm). Un-
equivocally, there seems to exist a synergistic effect between the 
micropore volume, pore size and nitrogen content on CO2 capacity. 

Ammonia can also be employed in combination with other reagents 
and activating mediums such as CO2 [203], HNO3 [324] or KOH [87]. 
Zhang et al. [87] employed a three-step procedure (carbonisation at 
650 ◦C, KOH activation at 830 ◦C and NH3 modification at 600 ◦C) 
where the final treatment acted to both enhance the development of the 
carbons porosity and modify the surface with nitrogenous SFGs. The 
pore development arises as a result of the thermal decomposition of 
oxygen SFGs that either block or occupy the micropores, their removal 
creates vacant sites [279,325] that the free radicals can then react with 
to further expand the structure. Aside from reactions detailed in Eq. (30) 
and Eq. (31), a further reaction has been suggested [87,215,326] in Eq. 
(32). It was also identified that the free radicals may react within the 
mesopore walls of the carbon releasing H2, CH4, HCN and (CN)2 that can 
aid the development of porosity [215,326] specifically microporosity. 
The presence of the introduced groups that included pyrrolic/pyridonic 
and pyridine species along with amino-type nitrogen facilitated a ca-
pacity of 5.05 mmolCO2/g at 25 ◦C and 1 bar. 

− C = O + NH3→ − C = NH + H2O (32) 

The combination of CO2 and ammonia treatments was learned to 
enhance the amount of available free radicals hence, improving the 
development of porosity [203] but also improving the efficiency of ni-
trogen doping. At a temperature of 800 ◦C using a mixture of CO2 and 
NH3, nitrogen contents of up to 6 wt% were realised attributed to the 
CO2 gasification reactions with the carbon surface that provides more 
sites for amination [279]. 

5.2.5. Hydroxylamine – NH2OH 
The inorganic compound, hydroxylamine, can be used to prepare 

amidoximes that can be used for CO2 capture [170]. In this work, four 
amidoximes were chosen based on their valency, the synthesis follows a 
facile method of treating the corresponding nitriles with hydroxylamine 
[327]; for acetamidoxime (AAO-monovalent) acetonitrile (0.02 mol) 
was mixed with a solution of hydroxylamine (50 wt% in H2O, 0.022 
mol) in ethanol at 70 ◦C for 7 h. Three other adsorbents were prepared: 
terephthalamidoxime (TPAO-divalent), tetraquinoamidoxime (TQAO--
tetravalent) and polyamidoxime (PAO-polyvalent). The percentage of 
amidoxime SFGs present was shown to influence the CO2 adsorption 
performance. AAO had the highest amidoxime functionality per mole-
cule (79.7% w/w) and showed the greatest capacity of 1.64 mmolCO2/g 
and 2.71 mmolCO2/g at 43 ◦C and 70 ◦C respectively (at 180 bar). The 
chemical affinity of PAO with CO2 was assessed per unit surface; 0.53 
mmolCO2/m2 and 0.41 mmolCO2/m2 indicating a stronger 
adsorbate-adsorbent interaction than the other sorbents. Interestingly, 
AAO was the only material that demonstrated a higher capacity with 
increasing adsorption temperature. This is likely a result of the dimer-
ization that did not occur in the other materials. In another study, 
amidoxime SFGs were introduced noninvasively into polymers of 
intrinsic microporosity (PIM), increasing the capacity up to 17% by 
Patel and Yavuz [169]. Similarly, the PIM-1 was functionalised by a 
rapid reaction of the nitrile groups with hydroxylamine under reflux 
conditions (69 ◦C for 20 h) achieving complete conversion of the nitrile 
groups. Alongside this conversion an unprecedented increase in micro-
pore surface area was observed (313 m2/g to 376 m2/g) postulated to be 
a result of the conversion of mesopores to micropores upon replacement 
of a nitrile group by a bulkier amidoxime group. The presence of ami-
doxime sites creates a stronger affinity toward CO2 through its high 

quadrupole moment; the capacity was shown to be 2.74 mmolCO2/g vs 
2.53 mmolCO2/g at 273 K and 1 bar or 1.65 mmolCO2/g vs 1.41 mmol-
CO2/g at 298 K and 1 bar for the modified PIM vs PIM-1. Amidoxime--
grafted carbons have also been produced that demonstrated 
significantly improved CO2 selectivity (CO2/N2) although the overall 
capacity decreased (4.97 mmolCO2/g to 4.24mmolCO2/g). Mahurin et al. 
[171] sonochemically grafted ordered mesoporous carbon (OMC) with 
PAN. The sonochemical polymerisation of PAN was followed by a 
chemical conversion of the grafted PAN to amidoxime. Ordered meso-
porous carbon (0.3 g) was added to 1 g of initiator (benzoyl peroxide, 
(BPO)) in acetone with subsequent evaporation of the acetone at room 
temperature. The grafting involved a sonication bath charged with 100 
ml of the solvent mixture, BPO-impregnated carbon and 16.6 ml of 
acrylonitrile. Upon completion of 3 cycles of evacuation and refilling 
with a nitrogen purge, the polymerisation was performed under N2 flow 
and sonication at 60 ◦C–70 ◦C for 2 h or 5 h, depending on the sonication 
method. The product, collected by centrifugation, was washed, dried 
and then converted to amidoxime using hydroxylamine in a 50/50 so-
lution of H2O/methanol for 72 h at 80 ◦C. Two loadings were achieved: 
10.6% and 5.4% with maintenance of the pore structure and 
morphology but at the expense of micropore volume and surface area 
indicating the deposition of amidoxime primarily occurs in the micro-
pores and small mesopores. The CO2 loadings of the modified samples 
were remarkably similar at 2.489 mmolCO2/g and 2.498 mmolCO2/g at 
298 K and 1 bar vs 2.871 mmolCO2/g for the unmodified sample. 
However, upon normalising the capacity to total surface area, the 
modified samples were realised to perform better. Also, when consid-
ering the improvements observed in selectivity over N2, amidoxime 
SFGs are a promising group for the selective capture of CO2 that have not 
seen as much interest compared to the more common SFGs. 

5.3. Salts 

5.3.1. Ammonium sulphate – (NH4)2SO4 
Ammonium sulphate was used by Yadavalli et al. to modify the 

surface of AC [271]. The impregnation of the prepared AC (100 g) with a 
saturated solution of ammonium sulphate salt using 5 g, 7.5 g and 10 g, 
achieved weight fractions (AC/(NH4)2SO4) of 4.76%, 6.98% and 9.1%, 
respectively. An increase in (NH4)2SO4 led to an increase in adsorbent 
exhaustion time from 4.5 min to 7 min, 10 min and 12.5 min for the 3 
loadings without changing the 1.5 min breakthrough time. It was also 
found that through the modification there exists a larger number of 
active sites for CO2 adsorption due to the addition of nitrogen-based 
functional groups [271]. The adsorption of CO2 was conducted with a 
gas mixture containing methane. Although all biomass-derived ACs 
showed higher selectivity (>5) towards CO2, an increase in ammonium 
sulphate content did decrease the adsorbents selectivity with regards to 
methane. Therefore, at higher loadings this must be accounted for. 

5.3.2. Sodium amide – NaNH2 
Sodium amide has advantages that lie with its strong basicity and 

nucleophilicity [328,329], enabling NaNH2 to be an effective reagent 
that can perform activation to develop porosity at lower temperatures i. 
e. 450 ◦C–550 ◦C [330,331] whilst simultaneously acting as a nitrogen 
source that enables N-doping within the porous support. Lower activa-
tion temperature is known to be good for both generation of narrow 
microporosity and preservation of N-containing groups [330]. 

Liu et al. synthesised a series of N-doped porous carbons with a 
single-step activation using NaNH2. The activation temperature and 
weight ratio of NaNH2 was varied between 450 ◦C–550 ◦C and 1–3 
(NaNH2 to Carbon), respectively [330]. The adsorbents prepared at a 
weight ratio of 2 (NaNH2:carbon) showed the highest values in porous 
textural properties regardless of activation temperature. This was 
postulated to be a result of the complex solid-state and gas erosion re-
actions, whereby the NaNH2 will attack the oxygen species on the sur-
face of the carbon precursor to create pores and dope nitrogen into the 
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framework [330]. The content of nitrogen within the adsorbents was 
found to increase with increasing ratios of NaNH2 during the activation. 
However, it decreases with an increase in activation temperature due to 
the decomposition of unstable nitrogen species; all samples were found 
to have pyridinic and pyrrolic-N but not quaternary or oxidised-N that 
are typically developed at higher temperatures. Two further peaks were 
found in the XPS spectra corresponding to carbonyl and hydroxyl 
groups. The oxygen present in each sample is primarily in the form of 
hydroxyl groups that are reported to be Lewis basic sites that can bind 
CO2 [332]. The maximum capacity of 3.5 mmolCO2/g at 25 ◦C and at-
mospheric pressure was found with a ratio of NaNH2:carbon of 1 and an 
activation temperature of 550 ◦C. No direct correlation could be found 
between porous textural characteristic, nitrogen content and CO2 cap-
ture performance. It was understood however that there exists a syner-
gistic effect between all of these parameters. Sodium amide was also 
employed by Rao et al. [333] in a single step procedure to produce 
nitrogen-enriched porous carbon from water chestnut shells. The au-
thors carbonised the shells (WSC), mixed the product with NaNH2 (95%) 
(solid-solid mixing), and heated the mixture to a temperature between 
400 ◦C and 500 ◦C (5 ◦C/min) under nitrogen flow (400 ml/min). 
Samples were categorised as WSC-X-Y where X represents activation 
temperature and Y represents mass ratio of NaNH2 to WCS, the yield of 
which varied between 36% (WSC-400-1) and 86% (WSC-500-3). 
Micropore size was shown to increase with both activation variables and 
was further verified by PSD plots. The mechanism of pore development 
follows reactions between 1) NaNH2 and the oxygen SFGs of the carbon, 
2) NaOH and/or Na2O formed during activation which further activates 
the carbon in a similar fashion to KOH/NaOH activation and 3) physical 
activation by NH3 and water vapour which are simultaneously released 
during the NaNH2 reactions. Nitrogen moieties were present within the 
structure after modification at higher quantities with greater concen-
trations of the reagent and a decreasing temperature indicating that high 
temperatures can decompose more unstable nitrogen species. XPS 
spectra elucidated to the presence of two peaks indexed to pyridinic-N 
and pyrrolic/pyridonic-N. High-temperature N-species such as quater-
nary N and pyridine-N-oxide, were not detected due to the low activa-
tion temperatures; a benefit to CO2 capture performance since the low 
temperature species are more CO2-philic [334]. The maximum capacity 
at 1 bar and 25 ◦C was demonstrated to be 4.5 mmolCO2/g (WSC-500-1) 
with a saturation time of around 5 min and high selectivity, cyclic sta-
bility and suitable isosteric heat of adsorption. Zhang et al. utilised 
NaNH2 to synthesis ultra-high surface area and nitrogen-rich porous 
carbons from oil-tea seed shell (OTSS) [331]. In their work, 1 g of the 
carbonised OTSS (550 ◦C for 1 h under nitrogen flow) was mixed and 
ground with sodium amide at a ratio of 1:1–3 by weight (OTSS/NaNH2) 
and subsequently heated to between 350 ◦C–650 ◦C (10 ◦C/min) and 
held for 1 h under nitrogen flow; referred to as OTSS-X-Y where X rep-
resents reagent ratio and Y represent activation temperature. The pre-
pared samples exhibited a large proportion of micropores and it was 
observed that when increasing both OTSS/NaNH2 ratio and activation 
temperature the BET surface area would increase from 498 m2/g to 
1154.7 m2/g for OTSS-1-450 and from 778.8 m2/g to 2965.7 m2/g for 
OTSS-3-350; this value is extremely large and the sample showed a 
larger pore size distribution (PSD). Interestingly, the pore size distri-
bution was shown to be controllable. With an increase in the ratio from 1 
to 3, pore sizes increased from 0.7 nm to 2.5 nm (at 650 ◦C). Also, with 
an increase in temperature from 350 ◦C to 650 ◦C, the pore size 
increased from 0.55 nm to 1.2 nm (at a ratio of 1). The FTIR spectra 
showed that in the modified samples, there existed a strong indication of 
either a nitrile group or C––N from the pyridine and quinoline groups. 
XPS analysis identified that within the unmodified sample the nitrogen 
content was small at 2.11 at%; at a weight ratio of 1:1 the nitrogen 
content was still negligible at 0.38 at% (for OTSS-1-550) however at 
higher ratios such as OTSS-2-450 and OTSS-3-350 the nitrogen content 
increased to 4.81 at% and 6.78 at% respectively. In the two aforemen-
tioned samples the spectrums corresponded to pyridinic-N and 

pyrrole/pyridine-N. The campaign to assess the CO2 capture perfor-
mance was undertaken with three samples of very similar textural 
properties (BET surface area, pore volume and PSD) but significantly 
different N content to better understand the role of N functionalities. The 
samples termed OTSS-3-350, OTSS-2-450 and OTSS-1-550 had N con-
tents of 6.78 at%, 4.81 at% and 0.38 at%, respectively. Interestingly 
there was no discernible difference in their performance at temperatures 
of 273 K, 298 K and 323 K and pressures up to 1 bar thus, elucidating the 
limited impact of N-groups on adsorption. At 273 K and 1 bar OTS-2-550 
with the largest micropore volume 0.63 cm3/g under 2 nm displayed the 
highest capacity 5.65 mmolCo2/g; at 298 K OTS-1-650 with the largest 
narrow micropore volume (0.21 cm3/g under 0.68 nm) displayed the 
greatest capacity, 3.5 mmolCo2/g. Evidently, micropores are imperative 
to CO2 capture, at higher temperatures narrow micropores are more 
beneficial. Thus, microporous structures have a greater influence on CO2 
adsorption rather than N functionalities [331]. The role of nitrogen 
functionalities, however, was identified to be a great influence on the 
selectivity of the adsorbent. It was observed that pyrrole/pyridine-N 
facilitated a CO2/N2 selectivity of 126 and 77.9 for OTSS-2-450 at 
273 K and 298 K, respectively. The single-step activation of 
hazelnut-shell using sodium amide [335] by Liu et al. also investigated 
the effect of temperature (500 ◦C–600 ◦C) and NaNH2/carbon ratio (1–3 
by mass). A decrease in temperature and an increase NaNH2 dosage was 
shown to increase the N content of the carbons as expected due to the 
instability of various nitrogen species. The species present were pyr-
idinic, pyrrolic and quaternary nitrogen with pyrrolic being the pre-
dominant; with respect to O-SFGs, the hydroxyl groups were more 
prevalent. Again, an increase in both activation temperature and agent 
dosage led to an increase in all textural properties however a smaller 
dosage was learned to be more beneficial for creating narrow micro-
porosity. At higher dosages the effect of higher temperature becomes 
more negative for the formation of narrow micropores. The highest 
capacity achieved was 4.32 mmolCO2/g and 6.23 mmolCO2/g at (1 bar) 
25 ◦C and 0 ◦C, respectively. The authors identified that aside from ni-
trogen content and narrow micropore volume, the pore size and pore 
size distribution also influence the adsorption of CO2 under ambient 
conditions. Huang et al. have investigated the effect of sodium amide 
activation on hydrothermal carbons (HTCs); the HTCs were mixed with 
NaNH2 and heated to between 400 ◦C and 600 ◦C (10 ◦C/min) under 
nitrogen for 1 h, the weight ratio of NaNH2/HTC was varied between 2 
and 4. Interestingly here, the nitrogen species developed included 
amine/imine/amide-N and pyrrolic-N in greater proportions than 
pyridinic-N. The sorbent prepared at 600 ◦C at a weight ratio of 3 
demonstrated a capacity of 5.58 mmolCO2/g and 3.41 mmolCO2/g at (1 
bar) 0 ◦C and 25 ◦C, respectively; at 0.15 bar, capacities of 1.99 
mmolCO2/g and 1.23 mmolCO2/g were achieved (0 ◦C and 25 ◦C, 
respectively) with the carbon prepared at 600 ◦C and a weight ratio of 2. 
This was identified a result of the adsorption of CO2 being dominated by 
narrow micropores at lower pressures (PCO2 = 0.15 bar), the same trend 
does not exist at elevated pressures (PCO2 = 1 bar). 

5.3.3. Sodium dithionite – (Na2S2O4) 
In the modification of NPOFs by Islamoglu et al. [77] both fuming 

nitric acid and sodium dithionite were employed. The sodium dithionite 
(Na2S2O4) modification was carried out after the HNO3 modification 
and follows charging a round-bottom flask with 80 mg NPOF-1-NO2 
(HNO3 modified NPOF), 10 ml methanol and 10 ml distilled water under 
nitrogen flow. The suspension was degassed for 20 min prior to the 
Na2S2O4 (1.2 g, 6.9 mmol) addition which itself was followed by heating 
at 75 ◦C for 18 h. Subsequently, the material was filtered and suspended 
in warm water (25 ml) for 30 min resulting in a polymer that was then 
suspended in 25 ml 4 M HCl (to ensure complete reduction to amine) 
and then washed with 2 M NaOH to neutralise the amine. The product 
was the suspended in warm water, filtered and suspending once more in 
warm ethanol and THF for two 30-min cycles. The product was termed 
NPOF-1-NH2; alongside this the over functionalised NPOF 
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(NPOF-1-NO2(xs)) was also reduced in the same way and termed 
NPOF-1-NH2(xs). The successful conversion of nitro groups in 
NPOF-1-NO2 was confirmed by a lack of NO2 presence and new bands 
corresponding to asymmetrical and symmetrical N–H stretching in the 
FTIR spectra. Micropore volume was shown to increase up to 77% of 
total pore volume for NPOF-1-NH2(xs); however, NPOF-1-NH2 may be 
more beneficial since micropore volume comprised 71% of its total pore 
volume. The CO2 capture capacity of the two amine derivatives was 
demonstrated to be 2.93 mmolCO2/g and 3.77 mmolCO2/g (at 298 K and 
1 bar) for NPOF-1-NH2(xs) and NPOF-1-NH2, respectively. 

5.3.4. Sodium carbonate – Na2CO3 
The modification of anthracite by Lillo-Ródenas et al. [299] using a 

number of reagents also endeavoured to employ sodium carbonate in an 
attempt to compare the modification against hydroxides. The method 
involved physically mixing the reagent with the coal precursor in a 4:1 
wt ratio (so as to achieve the same quantity of Na as in the sample 
prepared by NaOH) and then heating the mixture under nitrogen flow 
(500 ml/min, 5 ◦C/min) up to 760 ◦C and holding for 1 h. This method of 
activation showed poor performance with respect to porosity develop-
ment when compared to the sample prepared with NaOH under the 
same conditions due to the fact that the carbonate species do not 
decompose at 760 ◦C [312]. At higher temperatures the carbonate 
would act to simultaneously chemically and physically activate the 
carbon due to the formation of sodium oxide and CO2. Caglayan et al. 
[117] investigated HNO3 oxidation, air oxidation, alkali impregnation 
(10 wt% Na2CO3) and heat treatment of commercial AC (Norit ROX 0.8). 
Conversely, the authors were able to achieve mass uptakes of CO2 
8-times (at 1 bar) that of the air oxidised and nitric acid oxidised 
counterparts. This postulated to be a result of the Na sites acting as 
active adsorption sites for CO2; the carboxylic acid sites formed during 
HNO3 treatment providing anchor-sites for the Na-precursor thereby 
enhancing its dispersion. 

5.3.5. Potassium carbonate – K2CO3 
Potassium carbonate has been employed as an alternative reagent to 

KOH given it’s highly caustic nature and thus, potentially serious envi-
ronmental pollution in the activation of D-glucose derived carbons 
[253]. Here, the activation was carried out after an initial urea treat-
ment and at different temperatures (600 ◦C–700 ◦C) and K2CO3/carbon 
ratios (2–4) although heating time and rate was kept constant at 1 h and 
5 ◦C/min. The activation led to a reduction in nitrogen content from 
20.66 wt% (urea-modified carbon) to between 12.27 wt% - 4.69 wt%. A 
higher activation temperature and reagent ratio may lead to lower ni-
trogen content as a result of the decomposition of N-containing moieties 
[253]. XPS spectra demonstrated the presence of pyridinic-N, amine and 
pyrrole/pyridine-N. Under mild pyrolysis conditions, the unstable 
amine functionalities are converted to pyridinic or pyrrole/pyridine-N. 
However, with an increase in temperature to between 650 ◦C and 
700 ◦C, some of these N-groups are transformed to quaternary nitrogen. 
When increasing the quantity of K2CO3 or the activation temperature, 
the values of BET surface area, total pore volume and micropore volume 
increase accordingly as well as the narrow micropore volume. However, 
at 700 ◦C the development of narrow micropore is proportionately less. 
The highest CO2 uptake of 3.92 mmolCO2/g at 1 bar and 25 ◦C was 
observed with the sample prepared at 650 ◦C and a ratio of 4; again there 
is no unambiguous correlation between capacity for CO2 and porous 
textural characteristics [253] despite the postulation that a synergistic 
effect between nitrogen content and narrow micropore does, in fact, 
influence CO2 capacity. A similar procedure has been employed by Yue 
et al. [336] in the post K2CO3 activation of urea-modified carbonised 
coconut shell (CN). The CN (2 g) was impregnated with an aqueous 
solution of K2SO3 (6 g) for 6 h at ambient temperature followed by 
heating to 600 ◦C followed by heating to 600 ◦C (5 ◦C/min) for 1 h under 
nitrogen flow (400 ml/min). The activation was shown to decrease the 
nitrogen content of the sorbents from 4.47 wt% to 2.76 wt% - 0.86 wt%; 

primarily in the form of pyrrole/pyridine-N but with similar amounts of 
pyridinic and quaternary-N. During the activation K2CO3 firstly de-
composes into CO2 and K2O (Eq. (33)), aside from this, metallic K is 
formed through a series of redox reactions (Eq. (34) and Eq. (35)) that 
can then intercalate with the carbon matrix thereby expanding the lat-
tice, this method then is much the same as KOH activation. The highest 
capacity was found in the sample prepared with a weight ratio of 3, 3.71 
mmolCO2/g at 25 ◦C and 1 bar with Qst values between 21 kJ/mol and 
29 kJ/mol typical of physisorption processes. 

K2CO3 → K2O + CO2 (33)  

K2CO3 +C→K2O + 2CO (34)  

K2O+C→2K + CO (35) 

Conversely, trace amounts of K2CO3 (<2 wt%) have been shown to 
produce ACs with superior textural properties to those prepared with a 
weight ratio of K2CO3/carbon of 3 via an induced catalytic activation 
strategy in the work of Wang et al. [337]. Sub-bituminous coal was 
initially washed with HCl (5 M) and HF (20 wt%) and then impregnated 
with aqueous K2CO3 followed by heating to 900 ◦C (10 ◦C/min) for 1 h 
under a mixture of CO2 and N2 (CO2/N2 = 0.3 or 0.4, total flow of 200 
ml/min). The weight ratios of K2CO3/carbon evaluated were 0.02 and 
0.01; the two catalytically activated samples were termed Ca_AC-1 
(K2CO3/carbon = 0.02; CO2/N2 = 0.3) and Ca_AC-2 (K2CO3/carbon 
= 0.01; CO2/N2 = 0.4). Ca_AC-1 presented the highest BET surface area 
(1773 m2/g) and pore volume (1.11 cm3/g), four times that of the CO2 
activated counterpart. CO2 activation is often limited by diffusion pro-
cesses. The presence of trace K2CO3 promotes pore development through 
the release of CO from the K2CO3 attached to the carbon matrix forming 
a composite structure containing C–O–K during CO2 activation; the 
surface carbon then reduces this complex to form the K–C complex with 
the release of CO, this new complex will be oxidised to a new C–O–K 
complex when CO2 is introduced at high temperature [337]. Under the 
assistance of a CO2 atmosphere, the potassium species will be regener-
ated and continue to catalyse the activation reactions. The capacity of 
Ca_AC-1 was demonstrated to be 4.36 mmolCO2/g at 273 K and 1 bar, 
suggesting that this technique is extremely promising without the need 
for large amounts of K2CO3. 

Mestre et al. have activated cork powder waste with K2CO3 [208]. 
The researchers mixed cork powder with ground K2CO3 in a 1:1 wt ratio 
and calcined under nitrogen flow (300 ml/min) at 700 ◦C (10 ◦C/min) 
for 1 h. Boehm titration identified the presence of a number of surface 
oxygen functional groups, including carboxylic acid and R–OCO as well 
as R–OH and R = O. This revealed the samples to be significantly more 
acidic compared to the steam-activated sample [208]. Potassium car-
bonate has been shown by Liu et al. [315] to enhance the performance of 
zeolites more significantly than both the inorganic (NaOH) and organic 
(DEA, AMP and MEA + AMP) alternatives assessed in their work despite 
it having the lowest BET surface area and micropore volume. Bhatta 
et al. [338] have investigated the applications of K2CO3-promoted 
Mg–Al hydrotalcite-like compounds (HTLcs) supported on coal-derived 
graphitic material (CGM). A series of K2CO3 loadings (10 wt% - 25 wt%) 
were investigated via an incipient wetness method [339], followed by 
calcination at 400 ◦C. The K+ ions interact with Mg–O and/or Al–O 
centres on the surface of the adsorbent generating more basic sites 
[338]; K2CO3 leads to the formation of defects in the crystal structure. 
The increase in basic site density can enhance the adsorption capacity; 
an optimum loading of 15 wt% was identified. 

5.3.6. Zinc chloride – ZnCl2 
Zinc chloride was employed as the activating reagent for powdered 

dry fish [340]. Mixtures of dry fish and ZnCl2 were prepared in various 
concentrations and heated in an inert atmosphere at temperatures be-
tween 500 ◦C–650 ◦C for 1. Surface area and both total and micropore 
volume were shown to increase as activation temperature increased 
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from 500 ◦C to 550 ◦C after which an increase in temperature leads to a 
decrease; the optimum was identified at 550 ◦C. Varying the ZnCl2:fish 
powder ratio between 1:1 and 3:1 presented an increase in surface area 
and total pore volume but a decrease in micropore volume. The N–H 
peak shift indicated that the nitrogen in the amide group co-ordinates 
with Zn2+ ions through the lone pair of electrons and the C––O in-
dicates back donation of electrons from the completely filled orbitals of 
Zn2+ to the vacant orbitals of the amide carbonyl group leading to an 
improved thermal stability and thus, retention of carbon and nitrogen at 
higher temperatures. Without ZnCl2, the nitrogen content was measured 
to be 12.4 wt% which decreased to 7.9 wt%, 5.8 wt% and 5.2 wt% with 
an increase of the ZnCl2 ratio from 0 to 3 (at 550 ◦C). The same trend was 
observed when increasing temperature from 550 ◦C–650 ◦C and main-
taining a ratio of 1:1, 7.3 wt% to 5.9 wt%. The nitrogen was present in 
the form of pyridinic (48.3%), pyrrolic (40.8%) and quaternary (10.9%). 
The CO2 capacity of the modified adsorbents prepared at 550 ◦C was 
shown to increase from 1.3 mmolCO2/g to 2.4 mmolCO2/g at 25 ◦C. This 
however, decreased when increasing the ratio of ZnCl2 (from 1 to 3). 
Given that the unmodified sample had a much smaller ultramicropore 
volume but greater nitrogen content, Wilson et al. postulated that the 
micropore volume coupled with N-content were the governing factors 
determining capacity. Chang et al. have employed higher temperatures 
(up to 900 ◦C) and weight ratios (ZnCl2:carbon up to 8) in the synthesis 
of N-doped hierarchical porous carbon microtubes from poplar catkin 
(PC) [341]. The chemical activation of carbonised (400 ◦C) PC followed 
removal of organic impurities, the PC aliquots were mixed with ZnCl2 at 
various weight ratios (2–8) in aqueous solutions (30 ml) and then stirred 
for 4 h at 110 ◦C. The dried samples were then calcined at between 
700 ◦C and 900 ◦C for 2 h under nitrogen. During the activation, 
hydrogen and oxygen atoms are stoichiometrically removed from the 
precursor framework producing H2O with the assistance of the ZnCl2 
which causes the formation of pores [341]. It was observed that an in-
crease in temperature would increase the size of pores attributed to an 
increased ZnCl2 etching effect and therefore release of volatile species. 
Capacities as high as 6.22 mmolCO2/g and 4.05 mmolCO2/g were ach-
ieved at 273 K and 298 K (1 bar), respectively. Zinc chloride activation 
of Coca Cola ® [342] was able to produce HTC ACs with an adsorption 
capacity of up to 3.2 mmolCO2/g at 25 ◦C and 1 atm, attributed to the 
in-situ doping of heteroatoms as a result of the various additives in the 
beverage and the micropore volume developed. The ZnCl2 activation of 
triazine-based hyper-cross-linked polymers (600 ◦C–800 ◦C) produced 
carbons with the highest nitrogen contents compared to KOH and FeCl3 
activations, 7.55 at% in the form of pyridinic-N (2.44 wt%), pyrrolic-N 
(1.24 wt%), quaternary-N (2.8 wt%) and oxidised-N (0.78 wt%). It was 
identified that while KOH etches the soft components and increases BET 
surface area and pore development [343] it can degrade N-species 
whereas ZnCl2 acts as a dehydrating agent. This has been identified by 
Ludwinowicz and Jaroniec [344] as a limiting factor in its applications 
since it has an insignificant ability to activate already carbonised ma-
terials. At 1 bar and 273 K the sorbent demonstrated a capacity of 5.36 
mmolCO2/g, less than the KOH activated counterpart. Interestingly, at 
0.1 bar, the ZnCl2 activated sorbent had the largest uptake which was 
postulated to be a result of the nitrogen content which also provided the 
sample with the highest CO2/N2 selectivity (IAST: 42.6). The application 
of ZnCl2 activated biocarbons has been demonstrated by Singh et al. 
[345] where the samples demonstrated capacities of up to 13.1 mmol-
CO2/g at 25 ◦C and 30 bar, and 2.1 mmolCO2/g at 25 ◦C and 1 bar using 
an activation temperature of 500 ◦C and impregnation ratio of 3 (ZnCl2: 
chitosan). An activation temperature of 500 ◦C has been found as the 
optimum for the development of surface area and micropore volume in a 
number of studies [346,347]. Aside from carbon activation, zinc chlo-
ride is often employed in the synthesis of covalent triazine frameworks 
(CTFs) [348–351] through ionothermal reactions with molten ZnCl2 
that acts as both a Lewis acid trimerization catalyst and reaction me-
dium [352]. 

5.4. Carbamide – urea (CO(NH2)2) 

Rehman and Park [304] tailored the ultra-microporosity of N-doped 
carbon by varying the concentration of urea and KOH during the syn-
thesis of the adsorbent from a chitosan precursor. High surface areas 
(368 m2/g to 2150 m2/g) and high micropore volumes (0.2255 cm3/g to 
1.3030 cm3/g) were attained with nitrogen concentrations ranging from 
0 wt% to 11 wt%. A one-step synthesis procedure was employed 
(simultaneous activation and nitrogen doping) whereby carbonised 
chitosan (1 g) saw additions of urea and KOH, 30 min of grinding in an 
agar mortar, followed by further carbonisation. Using TG-DTA curves it 
was deduced that the mechanism for producing nitrogen-doped carbon 
materials includes i) transformation of chitosan-derived nitro-
gen-derived carbon to graphene-like sheets followed by the successful 
nitrogen-doping from urea-derived carbon-nitride structure and ii) the 
reaction of KOH with graphene-like sheets transformed them into 
three-dimensional porous carbon-structure [304]. An evaluation of 
activation temperature showed that at 650 ◦C, the carbon prepared in 
the absence of urea but with KOH (1:0:1; carbon:urea:KOH) showed a 
nitrogen content of 9.3 wt%; this decreased to 0.6 wt% after the second 
carbonisation at 800 ◦C demonstrating the evaporation of volatile ni-
trogen compounds. However, when increasing the urea concentration to 
1:3:1 the nitrogen content could be increased to 11 wt%; at higher KOH 
ratios (1:1:3) the nitrogen content decreased to 0.62 wt% thus, high-
lighting the importance of optimising both microporosity and N-doping. 
The N-doping occurs when urea reacts with surface functionalities on 
the carbon. Upon thermal treatment hydroxyl groups can react with the 
amino groups of urea, introducing nitrogen moieties into the carbon 
lattice. These moieties can be located on the edges of the lattices in the 
form of amine, pyridinic and pyrrolic nitrogen that at high temperature 
can be transformed into graphitic nitrogen. Within the synthesised ad-
sorbents four forms of nitrogen were observed: pyridinic, pyrrole/pyr-
idine, graphitic and oxidised nitrogen. Pyridine and pyrrolic groups are 
often considered beneficial for CO2 uptake as they induce stronger 
hydrogen-bond interactions between the surrounding C–H bonds and 
CO2 molecules [323]. Both of these nitrogen forms exhibit Lewis basic 
character (Pyridinic-nitrogen donates one electron to aromatic π-system 
while pyrrolic-nitrogen offers 2 p-electrons), whereas graphitic nitrogen 
is highly acidic and present at higher urea concentrations. It was 
concluded that the carbon prepared with a ratio of 1:1:2 would have the 
most basic nature given it had the largest proportion of pyridinic ni-
trogen. This was confirmed during the adsorption campaign where the 
adsorbent (ratio 1:1:2) had a CO2 uptake of 6.36 mmolCO2/g at 273 K 
and 1 bar (3.91 mmol and 298 K), owing to the optimal nitrogen-content 
and narrow micropores (<1 nm) that were shown to be crucial for 
efficient CO2 adsorption. The co-hydrothermal treatment of D-glucose 
and urea followed by KOH activation produced carbons with capacities 
up to 4.26 mmolCO2/g at 25 ◦C and 1 bar as a result of its high nitrogen 
content (6.2–12.17 wt%) and narrow microporosity [353]. The hydro-
thermal process was conducted at 180 ◦C for 12 h using 20 g of urea and 
20 g D-glucose that were dissolved in 100 ml water. Interestingly, only 
pyridinic and pyrrolic/pyridonic nitrogen were observed after KOH 
activation (600 ◦C–700 ◦C). Chen et al. [305] employed a combination 
of urea and KOH in a two stage synthesis protocol, whereby carbonised 
coconut shell were first mixed with urea in a 1:1 ratio by weight and 
heated for 2 h at 350 ◦C and then impregnated with KOH and thermally 
treated. In this work, the ratio of urea to carbon was kept constant and 
the activation temperature and KOH ratio were changed. Analyses 
showed that pyridinic, pyrrolic and quaternary nitrogen were present 
with pyrrolic-N, the most beneficial for CO2 capture [247] being the 
predominant species. The material prepared with activation conditions 
of 650 ◦C for 3 h demonstrated a capacity of 4.8 mmolCO2/g at 25 ◦C and 
1 bar, owing to an optimum combination of micropore development and 
nitrogen content. This phenomenon was confirmed by implementing 
urea modification after the KOH activation. The sample showed a higher 
nitrogen content but lacked in the development of porosity and as such 
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demonstrated a much smaller CO2 capacity, believed to be the result of 
pore wall demolition or pore blockage by the abundant nitrogen species 
during urea modification. Therefore, post-modification with urea is 
much less advantageous for CO2 capture than the pre-treatment [305] or 
simultaneous modification/activation [304]. Examples of 
urea-modification prior to activation can also be found with alternative 
reagents such as K2CO3 [253,336]; Yue et al. were able to produce 
carbons with capacities of up to 3.92 mmolCO2/g at 25 ◦C and 1 bar 
[253]. It was learned that under relatively mild pyrolysis conditions, 
unstable amine functionalities would be converted to pyrrole/pyridine 
and pyridinic-N; above 650 ◦C or 700 ◦C part of these would be trans-
formed to quaternary-N. The urea modification via post-KOH activation 
of a carbonaceous precursor (i.e. wool) was employed by Li et al. [295]. 
The authors documented the presence of the four nitrogen-containing 
groups with pyrrolic being the predominant form. They reported that 
the introduction of oxygen-containing groups made the material highly 
reactive for subsequent nitridation with urea, permitting an increase in 
nitrogen content from 4.14 wt% to 14.48 wt%. SEM analysis showed 
that although the urea treatment more or less collapsed the structure of 
the untreated sample, the sponge-like porous structure was maintained. 
The urea-treated sample was able to capture 2.91 mmolCO2/g at 25 ◦C 
and 1 bar, somewhat lower than found in the aforementioned studies 
[304,305] - perhaps due to the source of carbon or as a result of urea 
modification after activation. Ma et al. demonstrated the synthesis of 
N-doped porous carbon with hierarchical porosity via the carbonisation 
of a MOF-5 template (carbon source) and subsequent urea modification 
[107]. The degassed MOF-5 (1 g) was immersed in 40 mL of a solution 
that contained urea and ethanol (0.15 mol/L), and then stirred for 3 h at 
room temperature; the composite was then carbonised at various tem-
peratures (600 ◦C–900 ◦C) for 5 h. The temperature of carbonisation 
determines which type of nitrogen exists in the material, at 600 ◦C 
amide; above 700 ◦C this amide is lost and the species are transformed 
into protonated graphitic-N, pyridinic-N and oxidised-N species. It was 
determined that the correlation between micropore surface area, ni-
trogen content and the SFGs within the carbon and the equilibrium ca-
pacity is very much dependant on the adsorption conditions. The highest 
capacity was seen with the sample prepared at 900 ◦C (3.71 mmolCO2/g 
at 0 ◦C and 1 bar); however, at 25 ◦C and 1 bar the sample carbonised at 

600 ◦C showed the highest capacity (2.44 mmolCO2/g). At lower CO2 
partial pressures, the nitrogen content and the presence of C–OH bonds 
within the carbon is significant to its performance as demonstrated by 
the larger presence of N groups in the 600 ◦C sample when compared to 
the more porous 900 ◦C sample. 

Zhao et al. have investigated composites of MOFs and animated 
graphite oxide [354]. The graphite oxide (GO) was produced using 
Hummers’ method which is detailed in the work of Seredych and Ban-
dosz [355]. By dispersing GO (1 g) in a urea solution (0.03 mol/L, 0.15 
mol/L and 0.3 mol/L in water) animated GO (GO-U1, GO-U2 and 
GO-U3, respectively) can be produced. The composites were prepared 
by simultaneously dispersing/dissolving in the solvent (ethanol) by 
sonication with a view to introduce 10 wt% GO-U in the composite; the 
composites were referred to as MOF/GO-U1, MOF/GO-U2 and 
MOF/GO-U3. The presence of hydroxyl, carbonyl/carboxyl groups were 
found in GO-U along with epoxy and –NH2 moieties; C–O bonds were 
shown to be weaker in GO-U supporting the involvement of carboxylic 
groups in acid-base reactions with urea. The presence of GO-U was not 
found to prevent the formation of linkages between the copper dimmers 
and organic bridges (of the Cu-BTC MOF); the d002 signal of GO-U was 
absent and linked to the presence of exfoliated sheets of GO-U in the 
MOF composites. The MOF-composites exhibited reactions between the 
carboxylate ligands and amine groups which should leave uncoordi-
nated copper sites that can then coordinate with SFGs from GO-U which 
can be observed in the imperfect crystals of Fig. 8; alkyl ammonium was 
present in the FTIR spectra. In Fig. 8 exhibits preferential localisation of 
copper oxide on the surface of the composites and the deeply embedded 
graphene phases within the larger crystals along with potentially 
modified ‘micro’ MOF units with amine linkages visible as the ‘lace--
type’ structures [354]. The composites demonstrated a 50% increase in 
porosity vs the parent MOF the size of which comparable to the sizes of 
the acid gas (CO2) facilitating a capacity of 4.23 mmolCO2/g at ambient 
temperature. Urea has also been introduced as a seven-membered dia-
zepine ring at the centre of 4,4′-biphenyl-dicarboxylic acid from which 
four Zn-MOFs can be obtained [356]. 

Fig. 8. SEM images of GO-U and their composites with MOF. A) GO; B) GO-U3; C) MOF; D) MOF/GO-U1; E) MOF/GO-U2; F) MOF/GO-U3; D) MOF/GO-U3 [355].  
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5.5. Iron 

A mixture of iron powder and acetic acid was used by Zhang et al. 
[284] as the second step in a two-step protocol to reduce the nitro groups 
introduced through nitration of AC with a mixture of H2SO4 and HNO3 
to amino groups. Deionised water (250 ml) was mixed with acetic (10 
ml) acid followed by the addition of iron powder (5 g). The mixture was 
refluxed for 15 min to produce ferrous acetate. The nitrated AC 
(AC-NO2, 1 g) was added into the system with continuous refluxing for a 
further hour before cooling to room temperature; superfluous iron was 
removed using a magnet and aqueous HCl (0.01 N). The two samples 
were termed AC-NH2 and AC-NH2(strong) corresponding to the nitrated 
samples prepared with 1:1 (acid:water) and just acid in the first step of 
preparation. FTIR spectra confirmed the conversion of the introduced 
nitro (NO2) SFGs into amine (NH2) groups thus, reinforcing the success 
of a simple reduction processes. XPS analyses was able to provide more 
evidence of this whilst also elucidating to the presence of an Fe (2p) 
peak. Deconvolution of the peaks showed that within the nitrogen SFGs 
of the aminated samples there existed a strong peak characteristic of 
amino-type nitrogen associated with the carbon-matrix such as imine, 
amine and amide without the presence of pyrrolic/pyridonic or pyridine 
type N found in the nitrated samples suggesting the amino groups are 
formed primarily from the reduction of nitro groups followed by pyrrolic 
and pyridonic N. Porous carbon has also been produced from a tannic 
acid-Fe coordination compound prepared via a simple mechanochemical 
method by Cai et al. [357]. The prepared sorbent (NFePC-10-A) 
exhibited a capacity of 5.8 mmolCO2/g and 3.4 mmolCO2/g at 0 ◦C and 
25 ◦C, respectively with an initial Qst of 63.16 kJ/mol. The synthesis 
followed mixing iron (III) chloride hexahydrate (99 wt%) and tannic 
acid (TA) at different molar ratios (1:5, 1:10 and 1:15) by grinding; the 
mixture was then aged for several days at 60 ◦C. The product was then 
carbonised (800 ◦C, 5 ◦C/min) under nitrogen. The post-activation 
employed KOH at 800 ◦C (5◦/min) for 1 h. The sorbent possessed 
sp2-hybridised graphitic C–C, phenolic/alcoholic groups and carbon-
yl/quinone groups. The carbons also possessed a narrow PSD primarily 
between 0.4 nm and 0.7 nm; interestingly, the development of porosity 
was enhanced by the presence of iron. 

5.6. Alkali and alkaline earth metals 

The tailoring of electrostatic interaction on the pore surface of 
porous aromatic frameworks (PAF) by Ma et al. [358] investigated the 
incorporation of various metal ions in the porous skeleton to tune the 
electrostatic charge-quadrupole and charge-induced dipole interactions 
with gas molecules [359]. The POF decorated with carboxylic-rich pores 
(POF-26-COOH) was synthesised via palladium-catalysed Sonogashir-
a-Hagihara cross-coupling reaction and was subsequently modified with 
various metals. For PAF-26-COOH modified with Li, Na and K, the metal 
hydroxide (10 mg) was mixed with the PAF (100 mg) in CH3OH/H2O 
(10 ml/10 ml), followed by stirring, filtration, washing and drying. For 
the Mg modification, 210 μl of magnesium methoxide (7%–8% in 
methanol) solution was added to a mixture of the PAF (100 mg) and 
anhydrous methanol (15 ml) followed by stirring, filtration, washing 
and drying. The magnesium methoxide solution being used to overcome 
the poor solubility of Mg(OH)2 in CH3OH or water. PAF-26-COOH was 
found to be composed of highly conjugated phenyl groups. With the 
metal-modified samples, –COO groups were found to be linked with 
metal cations. The protons in carboxyl groups were almost substituted 
stoichiometrically by the metal ions. The high replacement of these ions 
(85%) confirms that nearly all of the carboxylic groups in the parent 
material were available for post-metallisation. The replacement of 
hydrogen atoms with metal ions leads to a decrease in surface area 
consistent with an increase in atomic weights of the metals from Li to K. 
A similar trend was observed for the pore size distribution except for the 
Mg-modified PAF. The introduction of these metal active centres did 
improve CO2 capture performance in terms of both capacity and 

selectivity. Potassium-based sorbents were prepared by Lee et al. [69] 
via impregnation with K2CO3 on various supports such as AC, TiO2, 
Al2O3, MgO, SiO2, Al2O3, NaX and CsNaX. The method follows adding 
the support (5 g) into an aqueous solution containing 2.5 g of anhydrous 
potassium carbonate in 15 ml deionised water followed by mixing 
drying and calcination at 300 ◦C (3 ◦C/min) for 4 h under N2 flow (100 
ml/min). The total CO2 capacities for the 30 wt% K2CO3 impregnated 
supports were as follows: K2CO3/AC = 1.95 mmolCO2/g; K2CO3/TiO2 =

1.89 mmolCO2/g; K2CO3/MgO = 2.7 mmolCO2/g; K2CO3/Al2O3 = 1.93 
mmolCO2/g. All but the MgO sorbent demonstrated a capacity 90% of 
the theoretical maximum. The adsorption was carried out with 1 %vol 
concentration of CO2 at 60 ◦C. the four aforementioned sorbents could 
be regenerated at 150 ◦C, 150 ◦C, 350 ◦C and 400 ◦C, respectively. 

Impregnation of carbons with basic metals and their oxides has been 
shown to improve their adsorptive performance [7]; both metal oxides 
and their hydroxides too, have been demonstrated to enhance basicity, 
surface area and the potential for carbonate formation [360,361]. 
Creamer et al. [362] investigated a number of composites from hickory 
wood namely, aluminium hydroxide, magnesium hydroxide and iron 
hydroxide. The optimum was found with aluminium at a ratio of 4:1 
(AlCl2:cotton wood) and exhibited a capacity of 1.61 mmolCO2/g. Cop-
per and zinc have been exclusively studied by Hosseini et al. [363] 
producing sorbents with capacities up to 2.25 mmolCO2/g at 30 ◦C and 
100 kPa. The acid modified carbons (HNO3) possessed a number oxygen 
SFGs which aided in the deposition of the metals; the ratio of which were 
varied between 4% and 20% (Cu/Zn). The metal ions from the 
impregnated Cu(NO3)2 and ZnSO4 via aqueous ion exchange were found 
to link with the negatively charge groups thereby forming metal com-
plexes [363], the increased presence of O-SFGs being highly favourable. 
The deposition of the metals is itself considered an ion exchange reaction 
whereby hydrogen ions on the surface of the carbon are replaced by 
copper [364]; the negatively charged SFGs on the carbon surface and the 
now Cu-loaded surface are then surrounded by Zn2+ ions. These Zn2+

ions are adsorbed on the surface and can diffuse hence, facilitating the 
reduction of these ions at more favourable positions [363]. Lahijani 
et al. investigated the impregnation of biochar with various metal 
compounds, namely: Mg, Al, Fe, Ni, Ca and Na [365]. The single-step 90 
min pyrolysed walnut shell (500 ◦C–900 ◦C) were mixed with a solution 
of each metal’s nitrile salt (5 wt%, 80 ml deionised water) and aged for 
12 h and subsequently heated to 500◦ under nitrogen. All bar the sodium 
impregnated sample demonstrated improved CO2 capacities in the order 
of Mg, Al, Fe, Ni, Ca, biochar, Na; the highest capacity observed was 1.82 
mmolCO2/g at 25◦ and 1 bar. It was identified that the formation of basic 
MgO sites enhances the interactions of CO2 with the basic oxygen in the 
O2–Mg2+ bonds thereby forming carbonates (CO3

2− ) [366,367]. The 
MgO sites form from the magnesium nitrate hexahydrate which de-
hydrates to the anhydrous salt Mg(NO3)2 between 110 ◦C and 190 ◦C; 
over 400 ◦C these decompose to MgO. The formation of carbonates is an 
additional avenue that is seeing increased focus especially in the context 
of producing adsorbents from waste such as wood ash, biomass ash, coal 
ash, solid refuse fuel ash and steel slag to name a few [368–372]; the 
process of carbonation however and the methods to improve such are 
not within the scope of this review. 

5.7. Amines 

There are three main classes of amine supported sorbents in the 
existing literature [108,373]: physically impregnated amines into or 
onto porous supports via mixing the amine with the support using an 
additional solvent [154,162,374]; covalently bonded amines of the 
silane group [92,254,375]; and in-situ polymerisation of an 
amine-containing precursor [376,377]. 

5.7.1. Tetraethylenepentamine – TEPA 
TEPA has been shown to be one of the most effective amines for 

improving the CO2 capture performance of carbonaceous adsorbents 
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[155,227,228,378]. Wang et al. [155] modified waste wood ashes with a 
number of polyamines (TEPA, MEA, DEA, PEI and DETA) to selectively 
capture CO2 at 60 ◦C. The TEPA-modified sorbent demonstrated the 
longest breakthrough time and a corresponding equilibrium capacity of 
1.76 mmolCO2/g with a 92.6% regeneration conversion. It is worth 
noting that although the TEPA modified sorbent had the largest capac-
ity, the efficiency of the impregnated amine (a function of amine mo-
lecular weight, capacity, amine loading and number of nitrogen atoms) 
was higher for the DEA-modified sorbent. The TEPA loading was varied 
between 14.66 wt% and 72.04 wt% in an attempt to identify the opti-
mum loading for CO2 capture. An increase in the content of TEPA was 
learned to affect the dispersion of the amine and thus, the number of 
available active sites. The capacity of the adsorbent first increased and 
then decreased when increasing the amine loading, with the optimum at 
45 wt% (2.02 mmolCO2/g). The bentonite activation using H2SO4 
employed by Wang et al. [286] facilitated the development of an MBS, 
whereby TEPA was introduced into the support via wet impregnation. 
TEPA (3 g) was dissolved in ethanol (30 g) under 30 min of stirring; the 
sulphuric acid modified bentonite was then added and stirred for 3 h at 
room temperature. Various TEPA loadings were evaluated (10 wt% - 60 
wt%) to identify an optimum. It was deduced that the maximum TEPA 
loading capacity was 50 wt% which also corresponds to the largest CO2 
capacity of 3.07 mmolCO2/g and highest amine efficiency of 0.23 mol-
CO2/molamine at 75 ◦C adsorption temperature; this could have been 
further improved when considering the maximum theoretical amine 
efficiency of 0.5 by facilitating more effective CO2 diffusion [286]. At 
30 ◦C, both capacity and amine efficiency are reduced due to the 
decrease in CO2 diffusion, reducing the ability of CO2 to be retained via 
chemisorption. Increasing adsorption temperature can aid in the 
adsorbate overcoming the kinetic barrier and reduce diffusional resis-
tance but there is an obvious trade-off in that, at elevated temperatures 
the effect of steric hindrance is slim and the thermodynamics of 
adsorption take precedence [379]. Interestingly, in the presence of 
moisture (up to 18 vol%), both capacity and amine efficiency increased 
to 3.84 mmolCO2/g and 0.29 molCO2/molamine, respectively - indicating 
the formation of not only carbamate but bicarbonate [286]. The TEPA 
modification of an ACF was carried out alongside KOH modification by 
Chiang et al. [307]. In this work, ACF was soaked with a liquor of TEPA 
solution (10 wt% in alcohol with a ratio of 0.07 g/ml). The mixture was 
sonicated for 90 min at 60 ◦C and then dried after which is was treated at 
500 ◦C (10 ◦C/min) for 1 h under N2 and named nACF. TEPA modifi-
cation was shown to decrease the BET surface area and both total and 
micropore volumes as a result of total or partial blinding of micropores 
by N-functionalities [380]. Amine groups that do not possess a silanol 
anchoring group such as TEPA are believed to react with surface hy-
droxyl groups to form hydrogen bonds [381]. The grafted TEPA pos-
sesses a long-chain structure and as such can hinder the gas molecules 
access to pores; if the TEPA is attached within the pores then it would act 
to reduce the available adsorption sites; based on characterisation data 
TEPA modification would block half of the macropores and close a 
quarter of the micropores. XPS spectra confirmed a negligible increase in 
nitrogen content after modification. This could be a result of the high 
temperature treatment (500 ◦C). Deconvolution of the XPS spectra 
highlighted the presence of 5 nitrogen SFGs namely: pyrrolic/pyr-
idonic-N > pyridine-type N > quaternary-N > pyridine-N-oxides > nitro 
groups. The CO2 capture capacity was demonstrated to be 1.61 mmol-
CO2/g - lower than that of both the unmodified AC and KOH modified 
AC. TEPA has also been grafted onto MOFs. In the work of Cao et al. 
[382], 0.8 g of Mg2(dobc) was dispersed in 30 ml anhydrous toluene 
which saw the addition of TEPA in ratios of 30 wt%, 40 wt% and 50 wt% 
(TEPA/Mg2(dobc)) and reacted under reflux for 12 h. The MOF structure 
was maintained throughout the modification; however, an increase in 
pore filling was seen as the TEPA concentration increased. The observed 
capacities were 4.49 mmolCO2/g and 6.06 mmolCO2/g for the 30 wt% 
and 40 wt% samples, respectively. The capacity decreased to 3.48 
mmolCO2/g at 50 wt% as a result of pore blockage. Conversely, the rapid 

synthesis of Al fumarate MOFs impregnated with TEPA [379] demon-
strated an optimum capacity (4.1 mmolCO2/g at 75 ◦C and 1 bar) with a 
TEPA loading of 60 wt% and the loss of just 2.81% of the capacity after 
10 cycles. A study by Wang et al. was able to demonstrate enhancements 
in the adsorption of CO2 in TEPA-functionalised sorbents, specifically 
MCM-41 when co-functionalised with polyetheramine [383]. The 
co-dispersion of polyetheramine and TEPA within the support provided 
the sorbent with good physisorption performance at low temperatures 
and effective chemisorption at 60 ◦C. The breakthrough time and 
equilibrium adsorption capacity were 14 min and 3.58 mmolCO2/g at 
30 ◦C, and 12 min and 3.09 mmolCO2/g at 60 ◦C, all significantly 
increased with respect to TEPA individually functionalised MCM-41. 

5.7.2. Triethylenetetramine – TETA 
The triethylenetetramine (TETA) and TEPA modification of bagasse 

sourced AC by Wei et al. [384] employed either ZnCl2 or KOH for 
activation evaluated CO2 adsorption at 60 ◦C and 0.15 bar. The modi-
fication follows mixing the AC (500 mg) with pure water (50 ml) and the 
desired amount of amine. The mixture was then stirred at 150 rpm and 
30 ◦C for 6 h to produce sorbents with amine mass fractions of between 
5 wt% and 50 wt%. An optimum capacity of 3.49 mmolCO2/g was 
achieved with 5 wt% TETA modification, less than the TEPA modified 
counterpart (3.62 mmolCO2/g). Both TETA and TEPA have also been 
impregnated in pore-expanded mesoporous silica KIT-6 [385]. Simi-
larly, TETA modification underperformed when compared (1.87 
mmolCO2/g vs 2.9 mmolCO2/g) to TEPA attributed to the availability of 
amine groups, TEPA possesses one more than that of TETA [385]. Mei 
et al. studied the effect of mixed amine functionalisation namely, 
3-[2-(2-Aminoethylamino)ethylamino]propyl-trimethoxysilane (via 
grafting) and TETA (via impregnation) on KIT-6. An optimum loading of 
30 wt% TETA and 1:1 ratio of the grafted amine:KIT-6 facilitated a ca-
pacity of 2.063 mmolCO2/g losing only 3.54% of this after 5 cycles. 
SBA-15 and expanded SBA-15 (SBA-15 k) have also been modified with 
TETA [386]. A peak capacity was reached with a 30 wt% loading for 
both SBA-15 and SBA-15 k – 0.97 mmolCO2/g and 1.53 mmolCO2/g 
respectively (60 ◦C and 0.15 bar). 

5.7.3. (3-Aminopropyl)triethoxysilane – APTES 
Dindi et al. [229] functionalised coal FA-derived cancrinite-type 

zeolite with DEA and MEA via impregnation and APTES via grafting. The 
morphology of the acicular particles was mostly unchanged after func-
tionalisation, although properties such as surface area, pore size and 
pore volume saw significant change as a result of pore blockage. The CO2 
capacity of the APTES grafted sample was shown to be 0.15 mmolCO2/g 
at 25 ◦C - only 0.02 mmol greater than the unmodified sample. This rose 
to a maximum of 0.55 mmolCO2/g at 80 ◦C. The observed increase is due 
to the kinetically diffusion-controlled process of CO2 adsorption that at 
high temperatures, facilitates the transport of CO2 into the porous 
network where it can react with the amino group. The pore blockage 
effect was further reinforced when Dindi et al. studied the effect of 
amine loading on the APTES sorbents capacity: from 20 wt% – 30 wt%, 
the capacity increased but beyond 30 wt%, the capacity dropped, owing 
to the blockage of pores within the cancrinite thus, stopping the expo-
sure of CO2 molecules to NH groups [229]. The capacity of the 
impregnated samples was significantly higher than APTES grafting due 
to the higher density of amine present within the porous structure. The 
APTES molecules, however, only join the Si–O–Si groups on the pore 
walls thus, lowering the amino group density. A combination of APTES 
grafting and TEPA impregnation has also been employed by Zhang et al. 
[387] when functionalising mesoporous silica molecular sieves with a 
view to overcome the amine agglomeration phenomenon. Capacities up 
to 5.7 mmolCO2/g were achieved which decreased to 5.2 mmolCO2/g 
after 15 cycles. The grafted APTES and residual P123 in the support 
provided spatial partition structures and hydrogen bonding functional 
groups for the dispersion and fixation of TEPA [387]. Mesocellular 
foams derived from mesoporous silicas have also been functionalised 
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with APTES [388]. Vilarrasa-García et al. prepared four adsorbents 
based on SBA-15 prepared from tetraethyl orthosilicate (TEOS) with and 
without trimethyl-benzene (TMB) and n-heptane as swelling agents and 
adding ammonium fluoride as a solubility enhancer in some cases. The 
grafting of APTES followed mixing the support (0.7 g) with a solution of 
APTES (20 vol% – 60 vol%) in dry toluene (35 ml) and refluxing under 
He (110 ◦C) for 12 h. An abundance of silanol groups was found, 
essentially lining the interior surface of the mesoporous channels which 
ensures an optimal anchoring of the amino groups [388]. When 
increasing APTES content, an increase in aminopropyl groups was 
observed; the Si–OH stretching disappears in the functionalised silicas 
suggesting the majority of the isolated terminal silanol groups had 
reacted with the ethoxy groups of APTES. Immobilised APTES on 
zeolite-β facilitated a capacity of 4.7 mmolCO2/g at 60 ◦C via both 
carbamate and bicarbonate mechanisms [83]. Aminosilanes (e.g. 
APTES) can react with surface hydroxyl groups and form stable Si–O–Si 
bonds where the functional amine catalyses the reaction [389]. The 
silicon anchoring group of APTES was learned to form stable covalent 
bonds on the surface of the support promoting good stability over nine 
cycles and various process conditions (up to 150 ◦C). The amine was 
dissolved in anhydrous toluene (15 ml) to produce loadings of between 
10 wt% and 80 wt% with the optimum at 40 wt%. APTES, poly-
ethyleneimine (PEI) and ethylenediamine (EDA) functionalisation of 
ZIF-8, GO and their composites (ZIF-8/GO) has been evaluated by 
Pokhrel et al. [390]. The APTES modification of GO followed dispersing 
GO (200 mg) in deionised water (200 ml) with sonication followed by 
adding APTES (2 ml) with sonication for 1 h and stirring for 24 h. The 
ZIF-8 functionalisation required mixing the ZIF-8 (200 mg) with toluene 
(30 ml) to which APTES (0.25 ml) was added, stirred and refluxed 
(70 ◦C) for 5 h. The composites (ZIF-8/GO) were first activated and then 
post-functionalised in either toluene as with the ZIF-8 functionalisation 
or water as with the GO functionalisation. An alternative method was 
also employed by synthesising the composites through in-situ MOF 
growth on pre-functionalised GO (ZIF-8/(f-GO)). 

5.7.4. (3-aminopropyl)trimethoxysilane – APTMS 
A series of primary, secondary and tertiary aminosilica sorbents were 

prepared by Ko et al. [266] by immobilising APTMS, [3-(methylamino) 
propyl] trimethoxysilane (MAPTMS) and 3-(diethylamino) propyl] tri-
methoxysilane (DEAPTMS) on SBA-15. The amine immobilisation fol-
lowed mixing the amine (25 mmol) with SBA-15 (2 g) in anhydrous 
toluene (150 ml) and then aging for 24 h at 25 ◦C, the procedure was 
repeated three times with rinsing (ethanol and/or toluene) each time. It 
has been suggested that the nitrogen in APTMS may be predominantly 
hydrogen bonded to surface silanol groups, in a protonated form or 
acting as a five-coordinate species with the surface silicon atoms [266]. 
Capacities of 0.95 mmolCO2/g, 0.75 mmolCO2/g and 0.17 mmolCO2/g 
were achieved with the 1◦, 2◦, and 3◦ amines, respectively. Energy 
consumption for desorption was in the order of 3◦, 2◦ and 1◦ whereas 
adsorption amount and bonding affinity was in the reverse order. Porous 
silica gels have also been functionalised with APTMS although the 
maximum capacity here was 0.67 mmolCO2/g [391]. The effect of 
APTMS functionalisation on mesoporous ceria nanoparticles (MCNs) 
was investigated by Azmi et al. [106]. The MCNs were prepared by the 
sol-gel method using cetrimonium bromide, water, cerium chloride and 
aqueous ammonia solution. The amine functionalisation was carried out 
via impregnation using APTMS (0.467 g) dissolved in distilled water 
(250 ml). MCN (4 g) was added to the solution under continuous stirring 
for 3 h at 343 K and then dried over night at 383 K and ground into a 
powder. FTIR spectra elucidated to the presence of hydroxyl groups 
along with the stretching of various bands such as H–O–H, Si–O and 
–NH2. Pyrrole adsorbed FTIR spectroscopy was employed to assess the 
O2− basicity of the samples. The modified sample demonstrated a less 
intense spectra, possibly due to the decrease in basicity after impreg-
nation but also perhaps due to the hindrance of adsorption as a result of 
APTMS being present within the structure. CO2-adsorbed FTIR was able 

to indicate the reactions that take place between CO2 and oxygen basic, 
oxygen vacant and hydroxyl sites on the MCNs. The products of these 
reactions are various carbonates such as bidentate, monodentate, poly-
dentate and hydrogen carbonate as well as carbamates formed from the 
interaction of NH groups and CO2. The APTMS modified sample showed 
a 10-fold increase in CO2 capture performance, 0.04 mmolCO2/g to 0.44 
mmolCO2/g at 1 atm and 298 K which equates to 10.08 μmolCO2/m. 
Grafting APTMS onto hierarchical Linde Type A (LTA) zeolite has been 
demonstrated by Nguyen et al. to produce more highly performing 
sorbents than aminosilicas such as SBA-15 and MCM-41 [392]. Silicas 
(mesoporous) tend to have thick pore walls that have no influence on the 
adsorption of CO2, zeolites however can actively participate in the 
adsorption of CO2. The implication is that LTA zeolite containing 
alkylamine-functionalised mesopore domains can outperform conven-
tional aminosilicas since both the zeolite active sites and the amine 
groups can capture the CO2 [392]. The amines (APTMS or N-[3-(tri-
methoxysilyl)propyl]ethylenediamine (TMPED)) were grafted 
post-synthetically after ion-exchange with Ca2+ ions: LTA zeolite (1 g) 
was dispersed in toluene (100 ml), the amine (5 ml) was then added and 
stirred for 24 h at room temperature. Capacities up to 2.3 mmolCO2/g at 
60 ◦C and 0.15 bar were achieved with successful regeneration at 150 ◦C 
losing just 0.1 mmol capacity over 10 cycles. 

5.7.5. Piperazine – PZ 
Fashi et al. [373] modified 13× zeolite with piperazine (PZ) via wet 

impregnation. These researchers mixed the dried zeolite with 1 wt% - 4 
wt% PZ concentrations. The impregnation solutions were composed of 
PZ and methanol (i.e. 1 wt% PZ was produced with 1 g PZ and 99 g 
methanol). The solution was added to the zeolite (5 g) and mixed for 2 h 
at 35 ◦C and then filtered, washed, and dried. The CO2 capture perfor-
mance was evaluated over a range of operating conditions such as 
pressure, temperature, particle size and PZ concentration, where one 
parameter was varied whilst the others maintained (i.e. linear optimi-
sation). The greatest adsorbent capacity was demonstrated at 25 ◦C, 8 
bar, 1 g of adsorbent at a size of 200 μm and a PZ concentration of 2 wt%: 
5.5 mmolCO2/g. A nanocomposite of multi-walled carbon nanotubes 
(MWCNTs) and MOF-199 denoted as CNT@MOF-99 has also been 
impregnated with PZ at various amounts (10 wt% to 30 wt%) [393]. In 
spite of a decrease in surface area, pore size and pore volume, the 
functionalised composite exhibited a higher adsorption capacity and 
selectivity than the unmodified counterpart due to an improved affinity 
between CO2 and the amine sites. Wet impregnation of PZ was employed 
whereby PZ (i.e. 0.05 g for the 10 wt% sample) was dissolved in ethanol 
(5 ml) under 15 min of stirring after which the CNT@MOF-199 (0.5 g) 
was added and mixed at 500 rpm for 2 h. The obtained sorbents were 
termed CNT@MOF-199/10PZ, CNT@MOF-199/20PZ, and 
CNT@MOF-199/30PZ for 10 wt%, 20 wt%, and 30 wt% PZ, respec-
tively. Fig. 9 exhibits the SEM images of the MOF-199 products; Fig. 9(b) 
and (c) exhibit the tubular MWCNTs on the MOF surface. Fig. 9(d), (e) 
and (f) clearly show that very little PZ can be observed on the external 
surface, the majority must be deposited or dispersed within the pores 
without destroying the MOF structure. Increasing PZ content increased 
CO2 uptake and reduced CH4 uptake. The PZ was incorporated on the 
Cu2+ cation sites exposed in the framework, the shorter length of the PZ 
molecule compared to the distance between two adjacent metal sites led 
the authors to assume that one amine from each PZ molecule was bound 
to a single metal site – the other amine was free to interact with the gas 
molecules [393]. 

5.7.6. Methyl-diethyl-amine – MDEA 
In the work of Xue and Liu [394] mesoporous silica (SBA-15) was 

modified with methyl-diethyl-amine (MDEA) and piperazine (PZ). 
SBA-15 was synthesised by a direct hydrothermal method [395], using 
tetraethyl orthosilicate (TEOS) as the silica source and Pluronic P123 as 
a template. The modification was carried out via impregnation. The 
amines were dissolved in acetone and then dried. SBA-15 was added into 
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the solution, stirred and refluxed for 6 h. With an increase in amine 
concentration a reduction of pore size was observed (6.8 nm–4.8 nm) 
whilst maintaining a narrow pore size distribution. At a loading ratio of 
0.8 (wt.% of loaded amine) the separation factor reached a maximum. 
This was seen to increase dramatically when a combination of MDEA 
and PZ were impregnated, possibly a consequence of the faster rate of 
reaction with PZ acting as an activator. The sample modified with MDEA 
and PZ demonstrated a capacity of 1.36 mmolCO2/g at 25 ◦C and could 
be regenerated at the same temperature with a relatively good cyclic 
stability. More recently, de Ávila et al. [396] have introduced MDEA, 
MEA and DEA into SBA-15. The sorbent was prepared by adding MDEA 
to an acetone suspension of SBA-15 at either a 1:1 or 1:2 wt proportion 
and stirring. MDEA was the amine that presented the best optimisation 
of the support for CO2 capture with efficiencies up to 99.1% with a 1:2 
wt ratio. 

5.7.7. Monoethanolamine – MEA 
Monoethanolamine (MEA), the benchmark solvent used in the pro-

cess of chemical absorption for CO2 capture [397], has naturally found 
itself used for the purpose of adsorbent modification. Mercedes 
Maroto-Valer et al. [231] employed both steam activation (850 ◦C) and 
impregnation with different amine compounds (MEA, MDEA, and DEA) 
on FA-derived carbons. It was deemed that an activation temperature of 
850 ◦C and a hold time of 90 min were most effective at enhancing the 

pore development. When coupled with the impregnation of MEA, the 
sample demonstrated an adsorption capacity of 1.56 mmolCO2/g at 
30 ◦C. When compared to the purely activated sample which had a ca-
pacity of 0.95 mmolCO2/g, the reduction in pore volume and surface area 
is compensated by the nature of MEA. A primary alkanol amine that is 
demonstrated to have higher absorption rates in aqueous systems than 
secondary and tertiary amines. MEA-modified attapulgite based amor-
phous silica sorbents were prepared via the wet impregnation method by 
Li et al. [398]. Here MEA (3 g) was dissolved in 30 ml methanol, fol-
lowed by the addition of 10 g a-SiO2 powder. Different MEA loadings 
were evaluated: 9.1 wt%, 23.1 wt%, 33.3 wt% and 37.5 wt%. The 
highest capacity was observed for the sample prepared with 33.3 wt%, 
2.14 mmolCO2/g at 60 ◦C. MEA along with benzylamine (BZA – primary 
cyclic amine) and N-(2-aminoethyl) ethanolamine (AEEA – secondary 
diamine) have been impregnated on a MCM-41 in the work of 
Mukherjee et al. [399]. The functionalisation was such that 20 wt% - 60 
wt% loadings were achieved by adding an amount of amine to methanol 
(12 ml) followed by aging and drying. At 25 ◦C and 1.07 bar the MEA 
modified sample (50 wt%) demonstrated a capacity of 1.47 mmolCO2/g, 
less than the 2.34 mmolCO2/g demonstrated by the 40 wt% 
AEEA-modified sample. Kongnoo et al. were able to demonstrate MEA 
and DEA impregnation of palm shell AC [400]. Micropore volume 
dropped by 52% when impregnated with MEA; at atmospheric pressure 
and 70 ◦C the capacity for the MEA sample was 1.48 mmolCO2/g, less 
than the DEA sample due to pore blockage. The difference in capacity 
(between MEA and DEA modified sorbents) was 16.2% at 150 kPa, at 
500 kPa it reduced to 6.4% as steric hindrance is less significant. The 
blockage of pores however, resulted in mass transfer hindrance and 
longer desorption times. Capacities up to 2.07 mmolCO2/g have been 
achieved by Kamarudin et al. on an agro-based kenaf adsorbent (Hibiscus 
cannabinus L.) [401]. Several amines were investigated (MEA, DEA, 
MDEA, AMP, PEI, DETA, TETA, TEPA, diisopropylamine (DIPA), pen-
taethylenehexamine (PEHA), triethanolamine (TEA) and diglycolamine 
(DGA)) via an incipient wetness impregnation technique reported by 
Chatti et al. [402] where dried kenaf leaf was mixed in methanol in a 
solid to liquid ratio of 1:20 (by weight); the amine was mixed with 
methanol and stirred for 20 min after which the kenaf solution was 
added and stirred for 15 min. The initial amine concentration was 50 wt 
%, the combined solutions were agitated for 5 h at 600 rpm. Fig. 10 
exhibits the surfaces of the impregnated support, some of which are full 
of cavities and some demonstrate serrated ad uneven ridge surfaces that 
lead to partially blocked pores [401]. The combination of primary 
(-NH2) and secondary (-NH) amines gives more advantages for CO2 
adsorption than a single class as shown with the TEPA modification 
which possess two primary classes and three secondary. The four methyl 
groups (-CH3) in DIPA was also learned to enhance the supports basicity 
and therefore capacity. Primary amines such as MEA and DGA showed 
higher capacities than AMP due to the steric character of AMP that 
reduced the stability of the carbamates and hence capacity [401], the 
same is true for MDEA and TEA. 

The capacities of each functionalised sorbent can be seen in Fig. 11. 
When increasing the amine loading to a ratio of MEA:kenaf to 1:1 ca-
pacity can be improved to 2.07 mmolCO2/g dropping to 1.72 mmolCO2/g 
after the 10th cycle. A rapid reduction in capacity was observed after the 
first three cycles due to the chemisorption mechanism; the energy 
required to break the covalent bond is higher than for the raw kenaf leaf. 

The proposed mechanism can be seen in Fig. 12; the authors iden-
tified a decrease in regeneration values when adsorbate-adsorbent 
interaction strength increased. The basic active sites on the sorbent 
depends on the relative content of nitrogen, TEPA has more attached to 
the main ligand than MEA causing a higher pH value. The energy needed 
to break the covalent bond is hence larger for TEPA than for MEA [401] 
which explains the regeneration efficiency of TEPA (75.62%) being 
lower than for MEA (82.15%). 

Fig. 9. SEM images of (a) MOF-199; (b and c) CNT@MOF-199; (d) CNT@MOF- 
199/10PZ; (e) CNT@MOF-199/10PZ; and (f) CNT@MOF-199/30PZ [393]. 
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5.7.8. Diethanolamine – DEA 
Diethanolamine (DEA) has been introduced into porous silica in the 

work of Franchi et al. [403]. Pore-expanded MCM-41 silica 
(PE-MCM-41) was synthesised using Cab-O-Sil M5 fumed silica via a 
two-step procedure and impregnated with DEA. The DEA was added in 

various amounts to distilled, deionised water followed by the addition of 
various amounts of the support. The largest amount of DEA that could be 
retained by the support is achieved by pore saturation. A capacity of 
2.65 mmolCO2/g was achieved with a DEA loading of 7.26 mmolDEA/-
gadsorbent (5% CO2 in N2). At higher DEA concentrations, film diffusional 
resistance became a limiting factor for the CO2 uptake kinetics although 
the performance of these sorbents was higher than that of zeolite 13×. In 
a study by Ahmed et al. [404], siliceous mesoporous silica MCM-41 was 
impregnated with MEA, DEA and TEA. The functionalisation followed a 
procedure reported by Ramli et al. [405], whereby the amines were 
mixed with methanol (10 g), stirred and added to the MCM-41 (2 g). The 
concentration of the amines was chosen to be 50 wt% based on the 
optimum loading of MEA which corresponds to near total pore filling. At 
25 ◦C and 1 bar the capacity was demonstrated to be 0.89 mmolCO2/g for 
the MEA-MCM-41 and 0.80 mmolCO2/g and 0.63 mmolCO2/g for DEA 
and TEA MCM-41, respectively. The DEA molecule has a larger structure 
compared to MEA since two alkyl groups are linked to the central ni-
trogen atom thus, highlighting that steric hindrance plays a significant 
role in determining the CO2 capacity. Conversely, in the case of carbons, 
Kongnoo et al. [400] demonstrated that DEA impregnated palm shell 
derived AC could outperform the MEA counterpart. The DEA sorbent 
demonstrated a capacity of 5.3 mmolCO2/g at 400 kPa and 70 ◦C or 2.81 
mmolCO2/g at atmospheric pressure. The amine impregnation reduced 
micropore surface areas by 52% for the MEA AC but only 11% in the 
DEA AC resulting in more hindered mass transfer. The functionalisation 
of mesoporous γ-alumina with DEA by Castellazzi et al. [406] achieved 
capacities in the range of 0.27 mmolCO2/g to 0.63 mmolCO2/g. It was 
learned that an increase in DEA loading would increase CO2 capacity, 
but the correlation was far from linear. This was concluded to be a result 
of: 1) strong interactions between the support and DEA limited the 
amount of ‘free’ amine sites for CO2 adsorption; and 2) the formation of 
urea linkage which hindered the accessibility of chemisorption active 
sites particularly in dry conditions and samples with high DEA content 
[406]. 

5.7.9. Diethylenetriamine – DETA 
MCM-41 has seen the introduction of DETA alongside TETA and AMP 

in the work of Wei et al. [407]. The modification followed a method of 
impregnation adapted from Liu et al. [408], where the amine (2 ml) was 
dissolved in ethanol (20 ml) followed by the addition of the MCM-41 (2 
g) and subsequent removal of the ethanol. The DETA modified sample 
demonstrated the highest pore volume (0.012 ml/g) and surface area of 
the impregnated sorbents (8.1 m2/g) and the second highest nitrogen 
content (10.6 wt%) compared to the TETA sample (14.8 wt%). All 
impregnated samples showed stability up to 110 ◦C. The capacities and 
breakthrough times followed the order of TETA > DETA > AMP. TETA 
demonstrated a capacity of 2.22 mmolCO2/g at 60 ◦C followed by 1.87 
mmolCO2/g and 1.14 mmolCO2/g for the DETA and AMP modified 
samples, respectively. This observation was deemed a direct result of the 
quantity of amino groups present in the impregnated samples and 
highlights that impregnation is a good tool for the introduction of amino 
groups without the need for secondary pollution associated with toluene 
that is used when grafting. Similarly, Zhao et al. [409] evaluated various 
amines for the amination of graphite oxide (GO) based on the interca-
lation reaction of GO with amines including EDA, DETA and TETA. The 

Fig. 10. FESEM microscopy of the amine-functionalised kenaf [401].  

Fig. 11. CO2 adsorption capacity of raw kenaf and amine-functionalised de-
rivatives (50 wt% loading) [401]. 

Fig. 12. Proposed desorption mechanism of amine-functionalised kenaf [401].  
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GO was synthesised following a method detailed by Kovtyukhova [410] 
using graphite powder, H2SO4, K2S2O8, P2O5, KMnO4 and H2O2. The 
introduction of the amine was achieved by adding 20 ml EDA, DETA or 
TETA into an aqueous solution of GO under vigorous stirring and 
refluxing for 24 h at 80 ◦C. The oxidation of graphite creates oxygen 
containing SFGs which includes carboxyl, hydroxyl, epoxy groups and 
etc. The insertion of amine moieties to the internal space of GO is 
attributed to the interaction between amines and oxygen SFGs such as 
hydrogen-bonding interactions, protonation of the amine by weakly 
acidic sites of the GO layers and chemical grafting of the amine to GO via 
nucleophilic substitution reactions of the epoxy group [411]. It was 
identified that given the excess of amines relative to epoxy groups, it 
would be unlikely there would exist more unreacted sites for interca-
lation of a monofunctional amine vs polyfunctional [412]. However, the 
elemental analysis showed that GO/EDA had the highest nitrogen con-
tent. This arises from the respective chain length of each amine. Shorter 
chain amines will intercalate the layers of GO more readily and react 
with oxygen SFGs, whereas longer chains may cause blockage and 
hinder further intercalation. Chain length order follows EDA < DETA <
TETA and thus, nitrogen content follows EDA > DETA > TETA. With 
amine modification, a number of primary and secondary amines are 
present. These are readily able to react with CO2 i.e. the more of these 
sites that are present the higher the capacity as demonstrated by the 
capacities which followed GO/EDA > GO/DETA > GO/TETA or 1.22 
mmolCO2/g > 1.10 mmolCO2/g > 0.99 mmolCO2/g at 30 ◦C and 0.15 mol 
% CO2 in N2. DETA impregnated mesoporous silicas were shown to 
capture 2.89 mmolCO2/g by Jiao et al. [413] although this was less than 
the TEPA modified equivalent; postulated to be a result of the increasing 
strength of interaction between amine and Si–OH bonds as the amine 
molecular weight increases [407]. Post-synthesis modification of POPs 
by Li et al. [414] produced DETA-modified sorbents with capacities up 
to 4.5 mmolCO2/g at 1 bar and 273 K (3.4 mmolCO2/g at 298 K) and an 
IAST selectivity of 194. The low-cost silica gel impregnation with DETA 
by Martín et al. [415] followed dissolving the amine in methanol (7 g) 
and adding the silica gel (3.5 g), stirring for 30 min and then drying for 
17 h. Although the capacities were unremarkable the authors were able 
to demonstrate fast kinetics and relatively stable cyclic performance. 
Regeneration could be achieved completely at 60 ◦C which may be a 
limiting factor if this sorbent were to be used in the post-combustion 
context. Similar cyclic stability was found by Liu et al. in the DETA 
impregnation of acid-activated sepiolite [237]. The amine (DETA) was 
dissolved in methanol (20 g) after which the support (4 g) was added. 

Fig. 13 illustrates the pore structure when increasing DETA loading, 
initially (0 g–0.2 g DETA per 1 g sepiolite) capacity decreases due to a 
decline in physisorption as the micropores and their necks are blocked as 
shown in Scheme I and II of Fig. 13. Increasing the loading to 0.8 ca-
pacity reaches a maximum of 1.65 mmolCO2/g (35 ◦C) indicating the 
predominance of chemisorption mechanisms due to the multiple layers 
of DETA (scheme III). Further increases to amine loading (1 g:1 g) result 

in capacity reductions (scheme IV) as when the pores and external 
surface are saturated with DETA CO2 diffusivity is restrained. 

5.7.10. 3-Chloropropylamine hydrochloride (CPAHCl) 
An amine salt, 3-Chloropropylamine hydrochloride, was used in the 

chemical treatment of carbon-enriched FA concentrates to increase the 
nitrogen content of the FA, specifically for CO2 capture performance 
enhancements [416]. The FA (10 g, 9.5% unburned carbon) was treated 
with 500 ml 1 × 10− 3 M3-CPAHCL salt solution with and without 1 ×
10− 2 M KOH for 1 h at 25 ◦C. it was proposed that the oxidised surface of 
the ash/carbon when mixed with a halogenated amine would see its 
acidic carboxyl groups and alcohol groups replaced with amine ester and 
ether groups as shown in Fig. 14. 

The presence of KOH was found to have little to no effect on the 
amount of nitrogen introduced. The carbon containing the highest ni-
trogen content was shown to capture 0.174 mmolCO2/g - much less than 
commercially available sorbents (1.8 mmolCO2/g – 2 mmolCO2/g) but 
the difference in surface area which was 27 m2/g compared to 1000 m2/ 
g – 1700 m2/g may account for this smaller capacity. 

5.7.11. Ethylenediamine – (EDA) 
Ngoy et al. synthesised a functionalised MCWNT with a poly-

aspartamide (PAA) surfactant [30]. In this study, ethylenediamine 
(EDA) was chosen as the diamine and incorporated into polysuccinimide 
(PSI) to produce PAA which was then noncovalently bound to the 
MCWNT. The synthesis followed homogenizing a mixture of aspartic 
acid (50 g) and H3PO4 (25 g) and heating to 190 ◦C–250 ◦C, after drying 
the product it was mixed with dicyclohexylcarbodiimide (DCC) in an ice 
bath for 24 h. Centrifugation and precipitation left PSI as long chain. 
This PSI was then mixed with an excess of EDA for 24 h after which, it 
was precipitated with the aid of diethyl ether followed by washing with 
hot toluene and hot acetone to give PAA. The PAA can then be mixed 
with MCWNT at a ratio of 1:0.03 at room temperature for 72 h followed 
by washing with acetone to give MCWNT-PAA. This method of incor-
poration was able to maintain the primary amine groups and amide 
groups present in the PAA and introduce them into the MCWNT. The 
MCWNT-PAA demonstrated the largest CO2 capacity vs MCWNT, PSI 
and PAA of 1.59 mmolCO2/g, highlighting the importance of both 
textural properties and nitrogen containing SFGs such as amine and 
amides especially when considering that the MCWNT had a capacity of 
0.28 mmolCO2/g. The MCWNT-PAA sorbent did however, require 
regeneration at 100 ◦C due to the predominance of chemisorption; 
however, the stability of the sorbent was evaluated up to 200 ◦C. A series 
of nitrogen-containing polymer and carbon spheres prepared by a sol-gel 
method [417] with varying concentrations of EDA were shown to cap-
ture up to 6.2 mmolCO2/g at 273 K and 4.1 mmolCO2/g at 298 K (1 bar). 
The one-pot hydrothermal method required the mixing of ethanol (16 
ml) and distilled water (40 ml) to which various amounts of EDA were 
added (0.2 ml–0.8 ml) after which resorcinol was added (0.4 g). Form-
aldehyde was then added (0.6 ml of 37 wt%) and stirred for 24 h at 
30 ◦C. The dried spheres were then treated at 350 ◦C (2 ◦C/min) under 

Fig. 13. Schematic diagram of the pore blocking process in sepiolite particles 
by DETA: I) Surface area reduction due to micropore blockage; II) Surface area 
reduction due to pore neck blockage; III) Multiple-layer DETA films; IV) Sepi-
olite particle covered by DETA [237]. 

Fig. 14. Proposed reactions for preparation of the amine-enriched fly ash 
sorbent [416]. 
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nitrogen for 2 h and then 600 ◦C (5 ◦C/min) for 2 h. The possible re-
actions for resorcinol-formaldehyde-EDA polymerisation are shown in 
Fig. 15 the success of which was shown by XPS and FTIR analyses. 
Alongside the nitrogen containing moieties a number of oxygen SFGs 
were also present namely, phenol and/or ether type and negligible 
carboxylic type. The intermediate and excess formaldehyde react with 
resorcinol to form polymer framework with pyrrolic and pyridinic-type 
rings [417]. 

The post-synthetic modification by Puthiaraj et al. [418] sought to 
functionalise two porous aromatic polymers incorporated with 
carbonyl-functionalities with EDA. The polymers were produced via a 
Friedel-Crafts benzoylation and the EDA modification via dissolution in 
methanol, stirring and refluxing. Interestingly, the EDA functionalised 
derivates demonstrated lower CO2 capacities than their porous parents 
but significantly enhanced selectivities (CO2/N2). 

5.7.12. Polymeric amines 
A comprehensive review on the functionalisation of adsorbents by 

amine-bearing polymers has been published by Varghese and Kar-
anikolos [42]. The authors have reviewed the literature on polymeric 
amine-functionalised solid sorbents for CO2 capture, including poly-
ethyleneimine, polypropylenimine, polyallylamine, polyaniline, amino 
dendrimers and hyperbranched polyamines. Polyethyleneimine (PEI), 
also named polyaziridine, is one of the most highly investigated 
aliphatic polymeric amines for CO2 capture due to its availability, high 
capture capability, increased amine density, primary amine chain ends 
and stability as it can maintain its sorption capability up to 90 ◦C [42]. 
To date, all sorbents prepared by loading PEI on the carbon materials, 
have shown a much lower CO2 capacity in comparison to those by 
loading PEI on the mesoporous silica molecular sieves [108]. Capacities 
for PEI modified sorbents can be as large as 3.01 mmolCO2/g at 0.15 bar 
and 75 ◦C [419] or 6 mmolCO2/g at 1 atm, 95% CO2 and 85 ◦C [420], 
with the supports being precipitated silica and silica foam, respectively. 

5.7.13. Halogenated amines 
One alternative method to grafting amino groups onto the surface of 

adsorbents among nitration/reduction, silylation with aminosilane, 
amination, grafting diamenes and polyamines, is grafting halogenated 
amines as demonstrated in the work of Houshmand et al. [421]. Here, 
2-chloroethylamine hydrochloric acid (CEA) was grafted onto the sur-
face of an oxidised AC. The AC samples underwent a two-stage modifi-
cation: oxidation by nitric acid and CEA grafting. The oxidation 
increases the density of oxygen SFGs which can act as a coupling or 
linking agent for the grafting of other SFGs. For halogenated amines, the 
OH bond of a carboxylic group as well as phenolic and alcoholic OH 
bonds may act as sites for this anchoring. It was found that at 2.17 h the 
production of NO2 stopped thus, elucidating to the end of the oxidation 
with 8 N nitric acid, whereas with concentrated acid, this occurred at 6 
h. The grafting which was carried out by mixing the oxidised AC with 
NaOH (1 M) which were then treated with CEA (1 M) solution, permitted 

a 45% increase in CO2 capacity at 100 ◦C vs the oxidised sample or a 
two-to-six fold increase vs the parent at 30◦ - 115 ◦C. 

6. Conclusion 

The urgency that is associated with the necessity for the mitigation of 
climate change and abatement of greenhouse gas emissions has facili-
tated unprecedented amounts of research to improve the efficiency and 
cost-effectiveness of the array of PCC technologies, yet the effort to 
actually implement and utilise this work is insignificant compared to 
what is required. If the current trend in global response continues, the 
effects will be far reaching and irreversible. Without significant change 
in the legislation, the myriad technologies that can be used to capture 
CO2 need to become significantly more viable. This paper has compre-
hensively reviewed, in detail, the various surface functional groups that 
can positively influence the selective separation of CO2. It has endeav-
oured to report and critically discuss the applied methods for their 
introduction and the efficacy of such for enhanced CO2 capture within 
the domain of post-combustion capture. 

In this critical review of the literature data has been compiled using 
Scopus as the primary search engine by surveying the research in the 
context of surface modification for enhancing the selective adsorption of 
CO2. A total of 421 works published between the years of 1964 and 2020 
have been embodied in this review. Of the 421 reference that this critical 
review is founded upon, 43 are review articles, 7 are conference pro-
ceedings and 370 are original research papers. 

In the context of adsorption there exists a wide range of possible 
sorbents; carbons, zeolites, MOFs, ZIFs, silicates, porous polymers, alkali 
metals and their carbonates as well as solid amine-based materials. The 
advantages and disadvantages for each become more prevalent when 
considering large-scale deployment. The cost and complexity of syn-
thesis for materials such as MOFs, MOPs, ZIFs etc. can all but entirely 
remove their large-scale viability. Zeolites can possess vast surface areas 
and stabilities yet often require excessive energies for desorption and are 
hydrophilic. Carbons can suffer from unsatisfactory selectivity as well as 
a high sensitivity to temperature due to the weak van der Waals forces 
that underpin the physical adsorption of CO2, yet they are abundant, 
cheap, easily regenerated and stable. The volume of small pores and 
especially ultra-micropore volume has often been a primary factor in 
determining the performance of adsorbents for CO2 capture yet the 
chemistry that exists within the surface functional groups on adsorbents 
can often be just as critical for the adsorption energies and affinities 
towards the adsorbate; something which is just as important as capacity 
when considering the applicability of these developed materials for use 
in various industrial settings. The introduction of various SFGs permits a 
selective separation and enhanced interaction with CO2; if the sorbent 
were to only possess a narrow microporosity then the impact that this 
would have on the adsorption of gas molecules such as N2 or CH4 would 
be significantly disadvantageous for the selective separation of CO2. 

Surface modifications can lead to an increase in the prevalence of 
oxygen containing SFGs which can aid in enhancing sorption charac-
teristics by increasing surface polarity (e.g. –C––O), binding energy (e.g. 
–COOH), selectivity over N2 (e.g. phenol) and capturing the CO2 via 
hydrogen bonds (e.g. –OH) and etc. However, attention has to be paid 
when undertaking modifications to avoid pore blockage that would 
hinder the diffusion of CO2 through the porous structure and thus, 
reduce the availability of active sites for adsorption. Careful control of 
the treatments is paramount to ensure that those SFGs that are intro-
duced are beneficial for the purpose of CO2 capture given that not all can 
actually have a positive effect. Regarding nitrogen-containing groups, 
the general idea still persists: adding basic polar sites should benefit the 
capture of CO2. Undoubtedly, the influence of pyridinic, pyrrolic and 
pyridonic nitrogen on the selective capture of CO2 is far more significant 
than of the groups such as quaternary or oxidised nitrogen. A surface 
nitro group should yield weaker results when compared to –NH2 due to 
the inherent lower polarity, higher acidity and larger size of the former. 

Fig. 15. Representation of possible resorcinol-formaldehyde-ethylenediamine 
polymerisation [417]. 
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The amino group is largely considered the starting point in surface 
functionalisation for the majority of adsorbents. The positive effects of 
–NH2 incorporation have been widely demonstrated for myriad mate-
rials, such as MOFs, zeolites, ACs etc. In the case of mesoporous silica, 
CO2 uptake is vastly improved by the incorporation of –NH2 groups; in 
their absence, the CO2 sorption characteristics are poor and the material 
has little-to-no application in the PCC context. Bearing in mind that 
chemical absorption with amine solvents is the conventional CCS pro-
cess, the introduction of such moieties on the surface of solid supports 
would be the logical step. Generally, amino-functionalised materials will 
complement CO2 capture with further amine efficiency enhancements 
realised in the presence of moisture. Amines however, are not without 
limitations. Pore blockage becomes a major issue for long-chain amines 
and/or at high amine concentrations. Moreover, care has to be taken 
when regenerating the modified-adsorbent with regards to concerns 
surrounding both toxicity and downstream equipment corrosion. The 
degradation of amines is also of significance given there may be the need 
for subsequent modifications which could impede the viability of large- 
scale deployment of such modified, and often costly, materials. 

Even with the vast volume of research that exists it is still difficult to 
confirm that the surface modification of adsorbents will act to facilitate 
the separation of CO2 from the hugely diverse mixtures that present 
themselves within our industries. There is a lack of data that elucidates 
to the complex phenomena that occurs during the selective capture of 
CO2. Data for the adsorption of competing gases, breakthrough points, 
selectivities and for larger scale demonstrations is almost always lacking 
in some respect. There is an extensive gap to bridge between adsorption 
of pure CO2 in the laboratory (1 bar, 273 K) and the adsorption of CO2 
under the conditions present in the post-combustion environment, 
especially with adsorbents of physical nature. This information is 
invaluable when considering the viability of these adsorbents; capacity 
is one in a long list of requirements for the optimal sorbent. Optimisation 
of the modifications must come simultaneously with the optimisation of 
the process for which the sorbent is designed. Comprehensive studies on 
the materials long-term stability, resistance to impurities as well as the 
cost, complexity and secondary pollution associated with their synthesis 
have to be considered before a modification can be considered successful 
and the adsorbent practical. 

By focussing on the surface functional groups as opposed to a specific 
material, this review has provided an invaluable and vastly relevant 
resource that will inform and enlighten future research in the develop-
ment of optimum materials with the wherewithal to efficiently and 
effectively capture CO2. There will be no single material that can 
decarbonise every aspect of our civilisation; the solution lies in devel-
oping highly specialised materials for each case. This is no small feat but, 
collations of work such as this act to significantly advance and progress 
the response required to curtail and mitigate the effects of 
anthropomorphic-induced climate change. 
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[171] S.M. Mahurin, J. Górka, K.M. Nelson, R.T. Mayes, S. Dai, Enhanced CO2/N2 
selectivity in amidoxime-modified porous carbon, Carbon N Y 67 (2014) 
457–464. 

[172] G.P. Hao, W.C. Li, D. Qian, A.H. Lu, Rapid synthesis of nitrogen-doped porous 
carbon monolith for CO2 capture, Adv. Mater. 22 (7) (2010) 853–857. 

[173] T.J. Bandosz, M. Seredych, E. Rodríguez-Castellón, Y. Cheng, L.L. Daemen, A. 
J. Ramírez-Cuesta, Evidence for CO2 reactive adsorption on nanoporous S- and N- 
doped carbon at ambient conditions, Carbon N Y 96 (2016) 856–863. 

[174] Y.S. Bae, J. Liu, C.E. Wilmer, H. Sun, A.N. Dickey, M.B. Kim, et al., The effect of 
pyridine modification of Ni-DOBDC on CO2 capture under humid conditions, 
Chem. Commun. 50 (25) (2014) 3296–3298. 

[175] M. Wang, X. Fan, L. Zhang, J. Liu, B. Wang, R. Cheng, et al., Probing the role of O- 
containing groups in CO2 adsorption of N-doped porous activated carbon, 
Nanoscale 9 (44) (2017) 17593–17600. 
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[240] A. Ros, M.A. Lillo-Ródenas, E. Fuente, M.A. Montes-Morán, M.J. Martín, 
A. Linares-Solano, High surface area materials prepared from sewage sludge- 
based precursors, Chemosphere 65 (1) (2006) 132–140. 

[241] S.M. Cohen, Postsynthetic methods for the functionalization of metal-organic 
frameworks, Chem. Rev. 112 (2) (2012) 970–1000. 

[242] B. Wang, H. Huang, X.L. Lv, Y. Xie, M. Li, J.R. Li, Tuning CO2 selective adsorption 
over N2 and CH 4 in UiO-67 analogues through ligand functionalization, Inorg. 
Chem. 53 (17) (2014) 9254–9259. 

[243] M.G. Plaza, C. Pevida, B. Arias, J. Fermoso, M.D. Casal, C.F. Martín, et al., 
Development of low-cost biomass-based adsorbents for postcombustion CO2 
capture, Fuel 88 (12) (2009) 2442–2447. 

[244] R.J.J. Jansen, H. van Bekkum, Amination and ammoxidation of activated carbons, 
Carbon N Y 32 (8) (1994) 1507–1516. 

[245] M. Yang, L. Guo, G. Hu, X. Hu, L. Xu, J. Chen, et al., Highly cost-effective 
nitrogen-doped porous coconut shell-based CO2 sorbent synthesized by 
combining ammoxidation with KOH activation, Environ. Sci. Technol. 49 (11) 
(2015) 7063–7070. 

[246] L. Guo, J. Yang, G. Hu, X. Hu, L. Wang, Y. Dong, et al., Role of hydrogen peroxide 
preoxidizing on CO2 adsorption of nitrogen-doped carbons produced from 
coconut shell, ACS Sustain. Chem. Eng. 4 (5) (2016) 2806–2813. 

[247] M. Yang, L. Guo, G. Hu, X. Hu, J. Chen, S. Shen, et al., Adsorption of CO2 by 
petroleum coke nitrogen-doped porous carbons synthesized by combining 
ammoxidation with KOH activation, Ind. Eng. Chem. Res. 55 (3) (2016) 757–765. 

[248] R. Pietrzak, H. Wachowska, P. Nowicki, K. Babeł, Preparation of modified active 
carbon from brown coal by ammoxidation, Fuel Process. Technol. 88 (4) (2007) 
409–415. 

[249] P. Nowicki, J. Kazmierczak, R. Pietrzak, Comparison of physicochemical and 
sorption properties of activated carbons prepared by physical and chemical 
activation of cherry stones, Powder Technol. 269 (2015) 312–319. 

[250] S.H. Liu, Y.Y. Huang, Valorization of coffee grounds to biochar-derived 
adsorbents for CO2 adsorption, J. Clean. Prod. 175 (2018) 354–360. 

[251] S. Meyer, B. Glaser, P. Quicker, Technical, economical, and climate-related 
aspects of biochar production technologies: a literature Review, Environ. Sci. 
Technol. 45 (2011) 9473–9483. 

[252] S.E. Elaigwu, V. Rocher, G. Kyriakou, G.M. Greenway, Removal of Pb2+ and Cd2 
+ from aqueous solution using chars from pyrolysis and microwave-assisted 
hydrothermal carbonization of Prosopis africana shell, J. Ind. Eng. Chem. 20 (5) 
(2014) 3467–3473. 

B. Petrovic et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.apenergy.2013.09.058
https://doi.org/10.1016/j.apenergy.2013.09.058
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref199
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref199
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref199
https://doi.org/10.1016/j.cej.2019.122736
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref201
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref201
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref201
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref202
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref202
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref203
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref203
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref203
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref203
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref204
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref204
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref204
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref205
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref205
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref205
https://doi.org/10.1016/j.biortech.2016.05.057
https://doi.org/10.1016/j.biortech.2016.05.057
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref207
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref207
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref207
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref208
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref208
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref209
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref209
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref209
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref210
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref210
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref210
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref211
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref211
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref211
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref212
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref212
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref212
https://doi.org/10.1038/srep23224
https://doi.org/10.1038/srep23224
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref214
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref214
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref214
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref214
https://doi.org/10.1016/j.jaap.2010.07.006
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref216
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref216
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref216
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref217
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref217
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref218
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref218
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref218
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref219
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref219
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref220
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref220
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref220
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref221
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref221
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref221
https://doi.org/10.1016/j.jcou.2015.12.001
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref223
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref223
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref223
https://doi.org/10.1016/j.jssc.2018.10.027
https://doi.org/10.1016/j.jcou.2015.11.002
https://doi.org/10.1016/j.jcou.2015.11.002
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref226
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref226
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref226
https://www.sciencedirect.com/science/article/pii/S0306261919305525
https://www.sciencedirect.com/science/article/pii/S0306261919305525
https://doi.org/10.1016/j.jtice.2018.12.003
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref229
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref229
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref229
https://doi.org/10.1016/j.egypro.2017.03.1361
https://doi.org/10.1016/j.egypro.2017.03.1361
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref231
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref231
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref232
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref232
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref233
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref233
https://www.tandfonline.com/doi/abs/10.1080/01496395.2010.546383
https://www.tandfonline.com/doi/abs/10.1080/01496395.2010.546383
https://doi.org/10.1016/j.jhazmat.2011.09.006
https://doi.org/10.1016/j.jhazmat.2011.09.006
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref236
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref236
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref236
https://doi.org/10.1016/j.cej.2018.07.086
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref238
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref238
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref238
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref239
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref239
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref239
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref240
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref240
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref240
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref241
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref241
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref242
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref242
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref242
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref243
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref243
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref243
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref244
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref244
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref245
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref245
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref245
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref245
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref246
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref246
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref246
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref247
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref247
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref247
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref248
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref248
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref248
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref249
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref249
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref249
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref250
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref250
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref251
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref251
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref251
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref252
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref252
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref252
http://refhub.elsevier.com/S1387-1811(20)30751-4/sref252


Microporous and Mesoporous Materials xxx (xxxx) xxx

38

[253] L. Yue, L. Rao, L. Wang, L. An, C. Hou, C. Ma, et al., Efficient CO2 adsorption on 
nitrogen-doped porous carbons derived from d -glucose, Energy Fuels 32 (2018) 
6955–6963. 

[254] H. Yang, Y. Yuan, S.C.E. Tsang, Nitrogen-enriched carbonaceous materials with 
hierarchical micro-mesopore structures for efficient CO 2 capture, Chem Eng J 
185–186 (2012) 374–379, https://doi.org/10.1016/j.cej.2012.01.083. Available 
from:. 

[255] S. Kang, X. Li, J. Fan, J. Chang, Characterization of hydrochars produced by 
hydrothermal carbonization of lignin, cellulose, d-xylose, and wood meal, in: 
Industrial and Engineering Chemistry Research, 2012, pp. 9023–9031. 

[256] X. Chen, Q. Lin, R. He, X. Zhao, G. Li, Hydrochar production from watermelon 
peel by hydrothermal carbonization, Bioresour. Technol. 241 (2017) 236–243. 

[257] R. Becker, U. Dorgerloh, E. Paulke, J. Mumme, I. Nehls, Hydrothermal 
carbonization of biomass: major organic components of the aqueous phase, Chem. 
Eng. Technol. 37 (3) (2014) 511–518. 

[258] K.M. Lee, Y.M. Jo, Synthesis of zeolite from waste fly ash for adsorption of CO2, 
J. Mater. Cycles Waste Manag. 12 (3) (2010) 212–219. 

[259] M.G. Nyambura, G.W. Mugera, P.L. Felicia, N.P. Gathura, Carbonation of brine 
impacted fractionated coal fly ash: Implications for CO2 sequestration, J. Environ. 
Manag. 92 (3) (2011) 655–664. 

[260] N.M. Musyoka, L. Petrik, E. Hums, Synthesis of zeolite A, X and P from a South 
African coal fly ash, in: Advanced Materials Research, 2012, pp. 1757–1762. 

[261] V.K. Jha, M. Nagae, M. Matsuda, M. Miyake, Zeolite formation from coal fly ash 
and heavy metal ion removal characteristics of thus-obtained Zeolite X in multi- 
metal systems, J. Environ. Manag. 90 (8) (2009) 2507–2514. 
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[371] N.R. Galina, G.L.A.F. Arce, I. Ávila, Evolution of carbon capture and storage by 
mineral carbonation: data analysis and relevance of the theme, Miner Eng 142 
(July) (2019) 105879, https://doi.org/10.1016/j.mineng.2019.105879. 
Available from:. 

[372] M.H. Ibrahim, M.H. El-Naas, A. Benamor, S.S. Al-Sobhi, Z. Zhang, Carbon 
mineralization by reaction with steel-making waste: a review, Processes 7 (2) 
(2019) 1–21. 

[373] F. Fashi, A. Ghaemi, A.H. Behroozi, Piperazine impregnation on Zeolite 13X as a 
novel adsorbent for CO2 capture: experimental and modeling, Chem. Eng. 
Commun. 0 (0) (2020) 1–17, https://doi.org/10.1080/00986445.2020.1746657. 
Available from:. 

[374] S. Zhang, S. Ravi, Y.R. Lee, J.W. Ahn, W.S. Ahn, Fly ash-derived mesoporous silica 
foams for CO2 capture and aqueous Nd3+ adsorption, J. Ind. Eng. Chem. 72 
(2019) 241–249, https://doi.org/10.1016/j.jiec.2018.12.024. Available from:. 

[375] M. Czaun, A. Goeppert, R.B. May, D. Peltier, H. Zhang, G.K.S. Prakash, et al., 
Organoamines-grafted on nano-sized silica for carbon dioxide capture, J CO2 Util 
1 (2013) 1–7, https://doi.org/10.1016/j.jcou.2013.03.007. Available from:. 

[376] J.C. Hicks, J.H. Drese, D.J. Fauth, M.L. Gray, G. Qi, C.W. Jones, Designing 
adsorbents for CO2 capture from flue gas-hyperbranched aminosilicas capable of 
capturing CO2 reversibly, J. Am. Chem. Soc. 130 (10) (2008) 2902–2903. 

[377] J.H. Drese, S. Choi, R.P. Lively, W.J. Koros, D.J. Fauth, M.L. Gray, et al., 
Synthesis-structure-property relationships for Hyperbranched aminosilica CO2 
adsorbents, Adv. Funct. Mater. 19 (23) (2009) 3821–3832. 

[378] J. Yan, C. Zhao, P. Wang, P. Lu, Studies on Several Fly Ashes and Their Modified 
Materials for CO2 Capture, vol. 1, American Society of Mechanical Engineers, 
Power Division (Publication) POWER, 2017, https://doi.org/10.1115/POWER- 
ICOPE2017-3420. Available from:. 

[379] Q. Liu, Y. Ding, Q. Liao, X. Zhu, H. Wang, J. Yang, Fast synthesis of Al fumarate 
metal-organic framework as a novel tetraethylenepentamine support for efficient 
CO2 capture, Colloids Surfaces A Physicochem Eng Asp 579 (July) (2019) 
123645, https://doi.org/10.1016/j.colsurfa.2019.123645. Available from:. 

[380] M.M. Maroto-Valer, Z. Tang, Y. Zhang, CO2 capture by activated and 
impregnated anthracites, in: Fuel Processing Technology, 2005, pp. 1487–1502. 

[381] M.B. Yue, Y. Chun, Y. Cao, X. Dong, J.H. Zhu, CO2 capture by as-prepared SBA-15 
with an occluded organic template, Adv. Funct. Mater. 16 (13) (2006) 
1717–1722. 

[382] Y. Cao, F. Song, Y. Zhao, Q. Zhong, Capture of carbon dioxide from flue gas on 
TEPA-grafted metal-organic framework Mg2(dobdc), J. Environ. Sci. (China) 25 
(10) (2013) 2081–2087, https://doi.org/10.1016/S1001-0742(12)60267-8. 
Available from:. 

[383] X. Wang, W. Zeng, M. Song, F. Wang, X. Hu, Q. Guo, et al., Polyetheramine 
Improves the CO2 Adsorption Behavior of Tetraethylenepentamine- 
Functionalized Sorbents, Chem Eng J 364 (December 2018) (2019) 475–484, 
https://doi.org/10.1016/j.cej.2019.02.008. Available from:. 

[384] J. Wei, Z. Lin, Z. He, L. Geng, L. Liao, Bagasse activated carbon with TETA/TEPA 
modification and adsorption properties of CO2, Water Air Soil Pollut. 228 (4) 
(2017). 

[385] J. Wei, D. Mei, Z. Lin, L. Geng, S. Chen, L. Liao, Effects of TETA or TEPA loading 
on CO2 adsorption properties using pore-expanded KIT-6 as support, Nano 13 (4) 
(2018) 1–9. 

[386] Z. Lin, J. Wei, CO2 adsorption on activated carbon/SBA-15 with TETA/TEPA 
modification, Key Eng. Mater. 735 KEM (2017) 164–167. 

[387] G. Zhang, P. Zhao, L. Hao, Y. Xu, H. Cheng, A novel amine double functionalized 
adsorbent for carbon dioxide capture using original mesoporous silica molecular 
sieves as support, Sep Purif Technol 209 (May 2018) (2019) 516–527, https:// 
doi.org/10.1016/j.seppur.2018.07.074. Available from:. 

[388] E. Vilarrasa-García, J.A. Cecilia, S.M.L. Santos, C.L. Cavalcante, J. Jiménez- 
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