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Abstract

The world faces unprecedented challenges in mitigating climate change and
reducing CO; emissions from fossil fuel utilisation has been clearly taken as one of
the major climate change mitigation strategies. Among the carbon capture
technologies, solid adsorbent looping technology (SALT) using activated carbon is
considered to be one of the most promising methods due to the extensive sources
raw materials, low price, high specific surface area and low energy requirement for
regeneration. Synthesis of activated carbons with high adsorption capacity and
CO2/N; selectivity for post combustion capture (at a low CO; partial pressure and
high temperature) is the focus of current research on carbons. This project aims to
utilize abundant and easy access materials such as biomass or polymers as
precursors and alkaline metal based compounds as activating agents to prepare
novel activated carbons with exceptional CO> adsorption performance to meet the

requirement of post combustion CO; capture in power plants.

Two kinds of precursors, biomass (rice husk) and polymer (polyisocyanurate foam),
were employed to prepare effective activated carbons for post-combustion CO»
capture. A novel cost-effective methodology able to achieve the carbonization,
chemical activation and simultaneous surface functionalization essentially in a one-

step process were developed.

The work on carbons derived from rice husk (RH) showed that the synthesised bio-
carbons exhibit exceedingly high ultra-microporosity, accounting for up to 95% of
total porosity. With a modest surface area of 1035 m?/g and a total pore volume of
0.43 cm’/g, the best performing RH carbon showed a record high and fully
reversible COz uptake capacity of 2.0 mmol/g at 25 °C and a CO; partial pressure
of 0.15 bar, which was the highest uptake ever reported for bio-carbons.
Furthermore, it was attempted to tablet precursors with different compacting
pressures before activation in order to further improve the adsorption performance.
The results showed that the compacted rice husk-derived carbons exhibited much
higher ultra-microporosity, especially volume of pores smaller than 0.42 nm and a

large amount of mesopores. This has led to exceedingly high CO; uptake, up to 6.80



and 4.50 mmol/g at 0 and 25 °C respectively and 1 bar and 1.90 mmol/g at 25 °C
and a CO; partial pressure of 0.15 bar, which was much higher than samples
prepared at 700 °C without compaction. Meanwhile, the compacted samples
showed much higher initial slope (IS) CO2/Nz selectivity up to 170 at 25 °C while

the selectivity of the sample prepared at 700°C without compaction was only 56.

Polymer-derived carbons also showed exceedingly high levels of ultra-
microporosity and unique surface chemistry for CO2 adsorption. The resulting ultra-
microporous carbon foam achieved a record-high CO» uptake of 2.12 mmol/g at
25 °C and 0.15 bar as well as a record-high CO2/Nz selectivity of 200, which is
among the highest ever reported for porous carbon materials and most MOFs. In
addition, the adsorption performance of samples at flue gas conditions (0.15 bar
CO; and 40-50 °C) were also studied. The samples showed record-high CO> uptake
of about 2 mmol/g at flue gas condition (40-50°C and 0.15 bar COy), which was
higher than any carbon materials from more sophisticated and cost-prohibitive
methodologies, most zeolites and MOFs. The polymer-derived carbons investigated
here exhibited fast adsorption kinetics and excellent stability and regenerability

under simulated flue gas condition.

Further studies in this project showed that the excellent performance of carbons
from different precursors can be attributed to ultra-microporosity and favourable
surface chemistry achieved by the facil one-step synthesis. The CO; adsorption
capacity is associated with the pore volume of pores smaller than a specific size,
which varied with the temperature and partial pressure. The ultra-micropore
volumes of pores smaller than 0.44 nm and 0.40 nm is responsible for the CO>
adsorption at 0.15 bar 25 °C and 50 °C respectively. In addition to ultra-micropores,
this work showed that surface potassium groups on surface identified by EDX and
XPS could significantly improve the CO- adsorption performance, especially at low
partial pressures. As for RH carbons, up to 50% of the total CO> uptake was
attributable to the unique surface chemistry, which appears to be dominated by the
enhanced formation of extra-framework potassium cations, owing to the presence
of zeolitic structures incorporated within the carbon matrices. The work on polymer

derived carbons showed that there was a linear relationship existing between CO>
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adsorption capacity and surface potassium content, while no direct relationship
between nitrogen containing groups and CO:> adsorption capacity was observed.
Meanwhile, the high heat of adsorption and IS selectivity also indicated the strong
surface affinity to CO». Overall, the prepared potassium doped carbons possess

great potential as adsorbents for post combustion CO; capture.
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Chapter 1 Introduction

The sharply rising anthropogenic CO> emissions largely as a result of sustained
consumption of fossil fuels over the past decades have been considered as the main
origin of climate change and global warming (Mondal et al., 2012; IEA, 2015).
Various scenarios show that for a likelihood of limiting the rise in global
temperature to 2°C above pre-industrial levels, global greenhouse gas emissions
would have to be reduced by 40 ~ 70% relative to 2010 by 2050, and to near-zero
by 2100, with ambitious mitigation even requiring the removal of greenhouse gases
from the atmosphere in order to avoid dangerous climate change (IPCC 2014).
Currently, different approaches including improving energy efficiency, deploying
renewable energy sources such as sunlight, wind, bioenergy and CO; capture and

storage have been considered to reduce CO; emission.

The BP Energy Outlook 2035 (Petroleum, 2014) predicts that fossil fuels such as
coal, natural gas and oil are still the main power source in the next 20 years despite
the development of hydro power, nuclear energy, renewable energy and others. By
the year 2035, anthropogenic CO: emission will reach 40 billion tones, which
amounts to an increase by approximately 224% since 1965. Over 50% of the total
CO; emission is from large stationary emission sources like coal-fired power plants,
chemical and petrochemical industries, iron and steel industries, and cement
industries (Yang et al., 2008; Sumida et al., 2011; Olivier et al., 2016). Considering
the current status of energy demand and renewable energy technologies, fossil fuels
will continue to be the main sources of energy in the foreseeable future. Thus,
carbon capture and storage (CCS) is widely regarded as the most efficient strategy
in the short term (IPCC, 2014).
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Figure 1.1 Energy consumption and CO: emission till 2035 (Energy Outlook
2035)

Lots of CCS technologies including pre-combustion technologies, oxy-fuel
combustion technology and post combustion technologies have been developed in
recent years, each of which has unique advantages and disadvantages (Rahman et
al., 2017; Schoedel et al., 2016). However, for existing power plants, neither pre-
combustion technologies nor oxy-fuel combustion technology are suitable. The
major issue of pre-combustion technologies is the total capital cost of new facilities
and retrofit cost of existing plants (Olajire et al., 2010; Theo et al., 2016), while
oxy-fuel combustion technology has problem like high energy consumption from
the air separation unit (Burdyny et al., 2010). In comparison, post combustion
technologies are one of the most promising options to cut through CO> emission

from existing power plants.

Of all post combustion technologies, amine scrubbing has been extensively studied
to date and i1s commonly used in oil refineries and natural gas processing plants
(Rochelle et al., 2009). However, the main drawback is the high energy
consumption especially in the regeneration process. According to statistics by IPCC,
removal of 90% CO> from flue gas streams produced by different kinds of power
plant will reduce the power generation efficiency by 11-40% (IPCC 2014). In return,

more fuel is needed to generate same amount of electricity as a power plant without



CCS, subsequently producing new CO; and reducing the efficiency of the process.
In addition, it also suffers from corrosion problems and degradation of amines
during regeneration process (MacDowell et al., 2010). Therefore, there is an urgent

need to develop alternative sorption materials with high CO» capture efficiencies.

To circumvent these problems, solid adsorbent looping technology (SALT) is
considered to be one of the most promising technologies being researched and
developed in recent years (Sun et al., 2015). Several classes of CO; sorbents have
been investigated for this purpose including solid amine adsorbents, metal-organic
frameworks (MOFs), zeolites, zeolitic imidazolate frameworks (ZIFs), porous
carbon materials (El-Kaderiet al., 2009; D'Alessandro, et al., 2010; Bac et al., 2011;
Zhang et al., 2014a). However, the development of solid adsorbents is still at the
research stage and there are various limitations for many solid adsorbents developed
so far that hinder their commercialization progress. Although solid amine-
functionalized CO» adsorbents have smaller heat capacities compared to aqueous
amine solution, they still suffer from thermal and oxidative degradation as well as
high energy required for breaking the C-N bound formed between CO; and amine
functionality (Wang et al., 2014). Zeolites that have high CO; uptake (zeolite CaA
~3.7mmol/g at 40 °C and 0.15 bar) and high CO, selectivity are probably the most
promising adsorbents for flue gas CO> capture (Bae et al., 2013). However, they
have the major drawback in low tolerance to water vapor that is always present in
the flue gas steam with their CO2 adsorption capacity tending to steadily decline
unless the flue gas is extensively dried (Brandani et al., 2004; Li et al., 2008).
Meanwhile, due to the strong interactions produced by extra framework alkali
cations the CO; desorption temperature is relative high, being at about 135 °C
(Konduru et al., 2007; Sumida et al., 2011). Metal-organic frameworks (MOFs) that
are constructed from metal ions and various organic spacers with high surface area
as well as controlled surface affinity to CO» are another type of attractive porous
material for CO2 capture. MOFs are usually seen as CO: storage materials rather
than capture materials. Most of MOFs show super high adsorption capacities at high
pressures resulting from the high surface areas (Furukawa et al., 2010) while low
adsorption capacities at typical flue gas conditions (<1.6 mmol/g at 0.15bar and

25 °C) with the exception of only a few types of MOFs like MOF-74, HKUST
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possessing high CO»> uptakes (Mason et al., 2011; Aprea et al., 2010). However,
adsorption capacity is not the major problem for MOFs and similar to zeolites, the
key issue for MOFs is the effect of moisture. Moisture will not only reduce the
adsorption capacity and selectivity of MOFs but also cause severe degradation of

MOF structures (Samanta et al., 2011).

Activated carbons have been widely studied as CO: adsorbents due to their
flexibility in surface properties, excellent thermal and chemical stability (Plaza et
al., 2014; Morris et al., 2008). Most importantly, unlike MOFs and zeolites, the
carbons do not surfer from decomposition or reduced capacity under humid
condition due to their hydrophobic nature (Samanta et al., 2011). However, the
homogeneous surface of carbon has no adsorption sites like cations in zeolites or
MOFs. Therefore, the adsorption of CO; only relied on the weak interaction force,
Von der Waals force. The weak interaction between CO; and carbon results in low
regeneration energy as well as the low adsorption capacity at low partial pressure.
So key issue for carbon materials is how to increase their CO> adsorption capacity

at low partial pressure and flue gas conditions.

This PhD project aims to take advantage of the precursor’s chemistry, activating
agents and preparation methods to control the pore size and surface chemistry of
activated carbons so as to boost the adsorption capacity of carbons at low partial
pressure and high temperature. Two abundant and easily accessible but distinct
materials (rice husk and polyisocyanurate based material) were selected as the
precursor to prepare activated carbon base adsorbents by chemical activation using
alkaline metal based compounds as activating agents. Among them, rice husk is a
kind of nitrogen-free agricultural waste with low energy density on a volumetric
basis, which is produced at a scale of 140 million tonnes a year worldwide (Kalderis
et al., 2008). Meanwhile, it possesses very high silica content in molecular level,
which could be considered as naturally molecular template that would be beneficial
for the development of porosity. As for PIR based materials, a kind of nitrogen-rice
materials, they have been widely used as thermal insulation in buildings, which was

normally prepared in foam-like structure.



This PhD project developed a facile approach that essentially integrated the
carbonization and simultaneous activation into a single one-step process, which was
verified as an effective method to prepare activated carbons with favorable surface
chemistry for CO> capture. The results showed that the prepared samples showed
record-high CO> adsorption capacity at low partial pressure and high temperature,
which was higher than any carbon materials and most MOFs and zeolites. It was
found that both surface chemistry and pore structure play important roles on CO»
adsorption. The CO; adsorption capacity is associated with the pore volume of
pores smaller than a specific size, which varied with the temperature and partial
pressure. The ultra-micropore volumes of pores smaller than 0.44 nm and 0.40 nm
is responsible for the CO; adsorption at 0.15 bar 25 °C and 50 °C respectively. In
addition to ultra-micropores, it should be highlighted that surface potassium
intercalation made big contribution to CO> adsorption especially at low partial

pressure and high temperature.



Chapter 2 Literature Review

2.1 CO; capture technologies

COgz is produced by the combustion of diverse types of carbon fuel which also
directly affects the choice of CO: capture process. Associated with different
combustion processes, a variety of CO» capture technologies are under evaluation,
including chemical absorption techniques, adsorption and membrane methods,
which can simply fall into several categories depending upon different plant
configurations: pre-combustion capture, oxy-fuel combustion capture and post

combustion capture (see Figure 2.1).
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Figure 2.1 CO2 Capture Technologies

2.1.1 Pre-combustion technologies

In the pre-combustion capture process (Figure 2.1), fuel such as biomass, coal and
natural gas is pretreated using a gasifier before utilisation to produce syngas (CO
and Hz). As shown in Equation 2.1 and 2.2, the syngas then forms more H> via
water-gas shift reaction with steam while converting CO to CO» (Olajire et al., 2010;

Leung et al., 2014; Jansen et al., 2015). Then the high concentration of CO> (>20%)



in the Ho/CO» fuel gas (total pressure 2.5 to 5 Mpa) (Kim et al., 2011) is removed

via separation process, which results in nearly carbon and pollutant free fuel.

Gasification:

Coal/Biomass — CO + H» (2.1)
Natural gas (CH4) +H>O — CO + H» (2.2)

Water-gas shift reaction:
CO + H,0— CO, + H (2.3)

Pre-combustion capture could bring several advantages: (1) the transformation
process of carbon fuel to carbonless fuel, hydrogen, also removals of pollutants like
SOx and NOy before combustion; (2) hydrogen could be used as fuel for many
systems, such as gas boiler, gas turbine, and fuel cell; (3) the high partial pressure
of CO; brings benefits for CO; separation and various CO> capture technologies
can be employed in this process (Olajire et al., 2010; Theo et al., 2016). It has
been estimated that the energy consumption of a power plant equipped with a pre-
combustion system is only half compared to that with a post-combustion system.
Hence, the pre-combustion technology is expected to be applied to the Integrated
Gasification Combined Cycle (IGCC) power plant using coal as fuel. However,
there are still some challenges on commercialization of the pre-combustion CO>
capture system. The major issue is that total capital costs of the generating facility
and retrofit cost of existing plants are very high (Olajire et al., 2010; Theo et al.,
2016). Additionally, the efficiency of the IGCC power plant with a pre-combustion
capture system will decrease by 7-8% (Wall, 2007).

2.1.2 Oxy-fuel combustion technology

In the oxy-fuel combustion process, fuel is combusted in oxygen-rich gas or even
pure oxygen instead of air, resulting in high CO> concentrations, normally over 80%,
as well as reduction in thermal NOx. If pure oxygen is used, the main components
in flue gas stream are CO», water, SOx and particulates. After removal of SOx and

particulates by a conventional electrostatic precipitator (ESP) and flue gas
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desulphurization methods, the remaining gases contain 80%-98% CO> depending
on the fuel used and can be directly compressed for storage. Many papers have
discussed the application of the oxy-fuel combustion technology (Stanger et al.,
2015; Toftegaard et al., 2010; Carrasco-Maldonado et al., 2016; [a] Chen et al.,
2012).

The main drawback of oxy-fuel combustion is that large amounts of oxygen are
needed for combustion process, which can only be produced by energy intensive
air separation via a physical separation process, which results in the boost of capital

cost and energy consumption (Burdyny et al., 2010).
2.1.3 Post combustion technologies

In the post combustion capture process, CO; is directly captured from the flue gas
after desulfurization processes. The composition of a typical post-combustion flue
gas is shown in Table 2.1. Flue gas from coal-fired power plants contains CO> (12-
15%), N2 (73~77%) and H2O (5-7%) at about 40-50 °C (D'Alessandro et al., 2010;
Sumida et al., 2011). Therefore, sorbents with high CO; adsorption capacities,
CO2/Nz: selectivity and stability under flow gas condition are crucial. Among many
technologies, amine scrubbing using 20-30 wt% aqueous amine solution has been
extensively studied to date for post combustion CO; capture and is commonly used
in oil refineries and natural gas processing plants (Rochelle et al., 2009). The

fundamental reaction of this process is (Dutcher et al., 2015):

Using MEA as absorbent:
2C,H4OHNH; + CO, — RNHCOO™ + RNH3" (2.4)
Using TEA as absorbent:
(C2H4OH)3N + CO; + H,0 — (C2H4OH)sNH' + HCOs” (2.5)

The flue gas is bubbled through the solvent in a packed absorber column, and CO»
molecules react with amine functionalities to form C-N bonds, a strong chemical
bond. As shown in the equations, MEA will react with CO; to form carbamate

RNHCOO" while bicarbonate is formed in the reaction between TEA and COs.
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Because of the strong chemical bond between CO> and amine, the CO»-rich solvent
was regenerated at 100-200 °C in a regenerator and then the solvent is cooled down
to 40-65 °C and recycled into the adsorption column. However, the amine scrubbing
technology suffers from many problems: high energy intensity due to a high
regeneration energy requirement to break C-N bond, severe thermal and oxidative
degradation of the amine, corrosion issues and degradation of the amine by NOx
and SOy impurities (Spigarelli et al., 2013; MacDowell et al., 2010). Thus, the cost-
effective processes for CO, capture from the flue gas streams of coal-based power

plants are essential to cut off the CO, emission.

Table 2.1 Typical compositions of flue gas

Composition Content Condition

CO2 ~15% temperature 40-50°C
N2 70-75% pressure Ibar
H>O 5-7%

0)) 3-4%

Compared to aqueous absorption, the heat capacity of solid sorbent is lower than
that of an aqueous solvent. Solid absorbents have received increasing attention in
recent years, which has stimulated the development of several classes of materials
including zeolites, MOFs, carbons and amine-containing porous materials.
However, in their present development stage, these approaches are still not ready
for implementation on coal-based power plants. The successful adsorbents must
meet important criteria to be both economical and operational for CO; capture from

flue gas. The criteria are as follows:

1) High adsorption capacity The adsorption capacity of adsorbents determines the
capital cost of capture system. The high adsorption capacity of CO> reduces the
quantity of adsorbent required as well as the size of equipment. In order to be
competitive to amine scrubbing, the capacity should reach 3-4 mmol/g (Samanta et

al., 2011).

2) The heat of adsorption The heat or enthalpy of adsorption is an important

parameter to indicate the energy required for regeneration and the surface affinity
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of an adsorbent toward COs,. Ideally, a suitable adsorbent for CO; capture should
have a moderate heat of adsorption to facilitate high CO; uptakes at reasonable flue
gas temperatures without energy-intensive flue gas deep cooling. This is because
too high a heat of adsorption can lead to increased energy requirement for CO»
desorption or sorbent regeneration whilst if the heat of adsorption of a sorbent is
too low (Himeno et al., 2005; Sethia et al., 2015; Zhang et al., 2013), the sorbent
will give rise to unacceptably low CO, uptakes at typical flue gas temperatures and

CO; partial pressures.

3) CO2/N: selectivity To be a good candidate of sorbent for CO» capture from flue
gases, the sorbent must have high CO2/N; selectivity, which has direct impact on
CO purity separated. However, the purity of CO2 will affect the transportation and

sequestration of CO; and therefore, has influence on the cost of CO; storage.

4) Chemical and thermal stability In flue gas, impurities like SOx, NOx and
moisture also exist, which will reduce the CO, adsorption capacity of adsorbents

and may cause irreversible change of sorbent’s structure.
2.1.3.1 Amine modified adsorbents

A wide variety of materials such as carbon-based material, mesoporous silica,
molecular sieves, silica, meso-porous silicon or mesoporous foam (MCF) have been
used as substrates to load basic groups containing materials especially amines like
PEL TEPA, DEA so as to chemisorb CO; from flue gas (Li et al., 2010a; Sanz-Pérez
et al., 2016; Gadipelli et al., 2015). Because of the low heat capacities of solid
supports, the regeneration heat of amine modified adsorbents is lower than that of
aqueous amine solution. Amines, substrates and moisture all have significant
influence on the CO> absorption capacity of absorbents (Heydari-Gorji et al., 2011;
Sayari et al., 2011; Bollini et al., 2012). The CO capacities of those chemical
absorbents mainly depend on the characteristics of basic groups contained within
the materials, rather than porosity and textural structure of substrate. The presence
of water changes the reaction between amine and CO., via the formation of
ammonium carbonate species under anhydrous conditions and, in addition, via

transformation to ammonium bicarbonate and carbonate species (Sayari et al.,
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2011). Because of the formation of a C-N chemical bond between the CO; and
amine, amine adsorbents always showed high CO»/N; selectivity. However, despite
a reduction in heat of capacity of the solid-functionlised CO, adsorbents, they still
suffer from thermal and oxidative degradation as well as a relatively high energy
required to break the C-N bond that is formed between CO» and amine functionality,

compared to physical sorbents (Zhao et al., 2013; Wang et al., 2014).
2.1.3.2 Zeolites

Zeolites that are composed of Si/Al frameworks with negative charge and
exchangeable cations like Na®, K*, Ca**, Mg?* within the pore structure have been
widely studied, especially for flue gas streams (Bae et al., 2013; Wang et al., 2014).
Because of their crystalline structure, zeolites have uniform pore sizes between 0.5
nm and 1.2 nm depending on the exchangeable cations (Chester et al., 2009). For
instance, the pore diameter of a typical zeolite NaA was 0.4 nm while the pore
diameter increased to 0.5 nm when Na" was exchanged by Ca** (Xu et al., 2009).
The existence of cations in pores can create strong electric field that have strong
interaction with gases possessing a high dipole or quadrupole, like CO2 (Coriani et
al., 2000; Samanta et al., 2011). The CO; is adsorbed around the extra framework
ions and forms carbonate specials associated with bi-coordination as the amount of
COz increased (Wang et al., 2011). Due to their strong affinity to CO», zeolites have
shown great potential for separation of CO from gas streams. For example, zeolites
like MgA and CaA have been shown to possess promising adsorption capacities and
CO2/N; selectivity at 298 K and 0.15 bar (2.4 mmol/g and 4.0 mmol/g, 54 and 45
respectively) (Bae et al., 2013). However, the main drawback of zeolites is their
low tolerance to the water vapor which exists in flue gas steams. Their CO>
adsorption capacity steadily decline with the increase of adsorption-desorption
cycles unless the flue gas was extensively dried (Brandani et al., 2004; Li et al.,
2008). Furthermore, due to the strong interactions produced by extra framework
alkali cations the CO: desorption temperature is relative high about 135 °C
(Konduru et al., 2007; Sumida et al., 2011).
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2.1.3.3 MOFs

(a) (b)

Figure 2.2 Framework structures of selected MOFs: (a) HKUST-1, Green, gray,
and red spheres represent Cu, C, and O atoms, respectively; H atoms are
omitted for clarity (Chui et al., 1999). (b) MOF-74-Mg, C atoms are shown in
gray, O atoms in red, 6-coordinate Mg atoms and terminal ligands in pink, and
5-coordinate Mg atoms in blue. H atoms and terminal ligands on the fragment
at top right are omitted for clarity. (Britt et al., 2009)

MOFs are constructed by coordinate bonds between metal ions or small metal-
containing clusters and organic linkers. A variety of organic spacers has made it
possible to control pore size, pore shape and surface chemistry for different types
of CO; capture. Therefore, MOFs performed well both at high pressure and low
partial pressure. For instance, MOF-210 with a high BET surface area of 6240 m?/g
holds the record for CO> storage capacity about 74.2 wt% at 298 K and 50 bar,
which is much higher than any conventional material (Furukawa et al., 2010). As
for low partial pressure CO» capture, strong surface affinity rather than surface area
and pore volume determines the adsorption capacity, and structure bearing exposed
metal cation sites on the surface of MOFs have shown strong affinity towards CO>
similar to zeolite (Zheng et al., 2014). HKUST-1 and MOF-74-Mg, affording open
Cu?" and Mg?* on their surface showed high CO2 adsorption capacities of 20.6 wt%
and 11.6 wt%, respectively at room temperature and 0.15 bar (Mason et al., 2011;

Aprea et al., 2010). However, the key issue for MOFs is the effect of moisture,
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which will not only reduce the adsorption and selectivity of MOFs because of the
competition between CO2 and H>O for the adsorption sites but also cause severe
degradation of the MOF structure (Liu et al., 2010; Samanta et al., 2011). So,
developing new MOFs with high adsorption capacity at low partial pressure and
stability has become a focus, and MOFs modified by amine groups or carboxyl
groups have been considered as a potential method (Choi et al., 2012; Yeon et la.,
2015). Recently, efforts have been made to improve the water stability of MOFs via
surface modification, but the modifications affected their adsorption performance.
For example, the adsorption capacity of Ni-MOF-74 reduced from 3.2 mmol/g to
1.9 mmol/g at 0.15 bar and 25 °C after surface modification by pyridine molecules
(Bae et al., 2014a). Similarly, the adsorption capacity of Mg-MOF-74 decreased
from 4.3 mmol/g to 3.0 mmol/g at 0.15 bar and 40 °C after N, N’-
Dimethylethylenediamine modification (McDonald et al., 2012), and the average
heat of adsorption reached 61kJ/mol, indicating that a high energy is needed to
regenerate adsorbents. Meanwhile, adsorption of modified Mg-MOF-74 was
slowed down, and the adsorption capacity reached 83% of the equilibrium capacity

at 0.15 bar and 313 K after exposure to 15% CO, for 15 min.

2.2 Activated carbon adsorbents

As discussed in the former section, porous materials satisfy the requirements of the
COs capture process (dynamics, operation, etc.) because of their unique advantages
such as greater capacity, ease of handling compared to other techniques (Shafeeyan
et al., 2010). Among them, activated carbons are gaining increasing attention as
CO; adsorbents because of their unique advantages like easy availability, flexibility
in surface properties, and excellent thermal and chemical stability (Plaza et al., 2014;
Morris et al., 2008). Most importantly, the carbons do not suffer from
decomposition or reduced capacity under humid condition due to their hydrophobic

nature (Hong et al., 2016).

Activated carbon in a broad sense makes up of a wide range of amorphous
carbonaceous materials that possess high porosity and surface area, which are

obtained from thermal treatment of a variety of carbon materials under different
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conditions. A variety of raw materials or precursors have been studied, which can
be divided into 4 categories: coal based materials, biomass, waste materials
produced from industrial process and synthesized materials (details in Table 2.2).
As can be seen from Table 2.2, biomass and synthesized materials are the most-
studied precursors for preparing activated carbons for CO> adsorption. Biomass is
renewable organic materials derived from plants and animals, which is generally
composed of lignin, hemicellulose, cellulose, proteins, lipids, sugars, starches and
inorganic compounds (Zhang et al., 2010). In biomass, those compounds are
strongly intermeshed and are chemically bonded by either non-covalent forces or
covalent linkage (Saidur et al. 2011). Of all, cellulose, hemicellulose and lignin are
the main components in biomass. Based on the results of elemental analysis, a
typical biomass contains about 50 wt% carbon, 42 wt% oxygen 5 wt% hydrogen
(Zhang et al., 2010). Unlike biomass, the chemical composition and components of
synthesized materials derived from different monomers show great difference from
each other. Unique advantage of synthesized materials is that they have the ability

to design and control the surface chemistry (Bae et al., 2014).
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Table 2.2 Source of precursors

Precursors
glucose, maize stalks, fir woods, pistachio, corncob, rice straw,
wood, cellulose, lignin, coffee fruit, cherry stones, xylan,
biomass sugarcane bagasse, rice husk, coconut shells, walnut shells,
mango pits, tobacco stems, coffee bean husks, cherry stones,
olive pits, sawdust
| coal-based cokes, coal tar pitches, anthracite, bituminous coal,
coa
lignite
Acetylene based nanotubes, Polystyrene-based cation
. exchangeable resin, poly (vinylidene chloride)-based carbon,
synthesized _ .
_ saran-derived carbons, phenol-formaldehyde resins, N-carbon
materials ‘ ' ' '
monoliths, honeycomb-monoliths, acrylic resin, N-doped
oxidized resorcinol formaldehyde, polyaniline
decanted oil vacuum residue, sewage sludge, green petroleum
waste

coke, waste newspaper

Basically, the preparation of active carbon normally involves two steps:
carbonisation/oxidation of the raw materials at a certain temperature in an inert
atmosphere and the activation of the obtained carbonized materials, including
physical and chemical activation approaches that could create new pores or remove
the blockage in pores and further develop the pore structure (Bansal et al., 2005).
The physical activation process usually carried out at higher temperatures 800-
900 °C in the presence of oxidizing gases like CO> or steam (Bouchelta et al., 2008;
Teng et al., 1998; loannidou et al., 2007). The purpose of the chemical activation is
to mix activating agents like H;PO4, KOH and zinc chloride with carbonaceous
materials, which is followed by activation at 400-900 °C in an insert atmosphere
(Rufford et al., 2014; Wang et al., 2012; loannidou et al., 2007). Compared to the
physical activation, chemical activation presents unique advantages such as lower
activation temperature, higher surface area and controlled micropore size

distribution (Lillo-Rédenas et al., 2007), higher yields and short activation time
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(Lillo-Rodenas et al., 2003). Industrially, it is common to produce activated carbon
from physical activation. However, the prepared samples with high surface areas
and pore volumes usually showed low CO; adsorption capacities especially at low
partial pressure (Dreisbach et al.,, 1999; Sevilla et al., 2013). Despite the
disadvantages of chemical activation, such as corrosiveness and necessary washing
process to remove activating agent, it has been proved to be an efficient method to
prepare activated carbons with suitable textural properties and surface chemistry
for CO; adsorption. In this chapter, a review about chemical activation mechanisms

and CO; adsorption on activated carbons will be carried out.
2.2.1 Mechanisms of various activating agents

Many reactants have been tested as activating agents, which can be divided into
three types: alkaline medium (KOH/NaOH), metal chloride (FeClz, ZnCl,, CaCly)
and carbonate (K>CO3, NaxCO3, Li2COs3, and Cs2CO3). The mechanism of each type
of activating agents, influencing factor and their performance on porosity
development are summarized in this section and the carbons prepared using

different activating agents were listed in Table 2.5.
2.2.2.1 Alkaline hydroxide/ carbonate

Activation using alkaline hydroxides like NaOH and KOH is a widely-used method
to generate rich porosity in carbon materials. However, the activation mechanism
has not been well understood due to the complexity of process (Raymundo-Pinero
et al., 2005). In general review, chemical activation by alkaline hydroxides is two-
step process: dehydration reactions between carbon and MOH and reactions at
higher temperature including the formation of metallic M by reduction of the ions

and the oxidation of carbon.

KOH Chemical activation using KOH was first proposed by Wennerberg and
O’Grady in 1978 (Wennerberg & O’Grady, 1978). After that, many research groups
have studied it, the global reaction (Reaction 1) was proposed by Linares-Solano
and co-workers using anthracite as a precursor (Lozano-Castello et al., 2001).

Combining experimental results from temperature-programmed reaction (TPR)
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experiments, XRD, FTIR, and theoretical calculation, the reaction shown in
Reaction 2.6 was proposed, and the main products during activation process were

shown to be Hz, H,O, CO, CO2, M2COs.
6MOH + 2C — 2M + 3H; + 2M>CO3 (2.6)

The global reaction consists of several simultaneous/consecutive reactions that can
be divided into two groups via reaction temperature: the reactions between carbon
and KOH below 700 °C and the reactions related to KoCOs at temperatures higher
than 700 °C.

When the temperature was lower than 700 °C, the reactions between carbon and
KOH (Reaction 2.7 — 2.10) were shown to be based on the petroleum activation
using KOH by Otowa and co-workers (Otowa et al., 1993). During this process,
KOH first dehydrated to produce K>O and water which are then consumed by
carbon via a two-step reaction to form CO,, CO and H,. After that, KoCOs3 is
produced by the reaction between K>O and COx.

2KOH — K20 + H,0 2.7)
C + H,0 — CO + H; (2.8)
CO + H,0 — CO» + Hy (2.9)
CO, + K20 — KoCO3 (2.10)

When the temperature is higher than 700 °C, the as-formed products would further
react with carbon. K>COs firstly decomposes to K>O and CO; (Reaction 2.11). Then
CO; is reduced by carbon to produce CO at high temperatures (Reaction 2.12).
Metallic K forms via reaction between C and metal compounds K>O (Reaction
2.13). Potassium metal formed in this stage further intercalates into the carbon
lattice so as to expand the carbon lattices. In addition to the mechanism above, Yong
bin Ji et al. showed that potassium carbonate would directly react with carbon to
form metallic K and CO (Reaction 2.14) rather than by the pathway shown in
Reaction 2.11-2.12, by analyzing the XRD data from experiments, but it was only
possible for ungraphitizable materials (Ji et al., 2007).
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K>CO3; — K20 + CO, (2.11)

CO,+ C— 2CO (2.12)
C + K20 — 2K + CO (2.13)
K>CO3+ 2C — 2K + 3CO (2.14)

At the same time, surface species (such as alkalides, -OK) also form from the
oxygen of the alkali salt (Reaction 2.15) (Marsh et al., 1984; Shen & Xue, 2003).
The formation of M>O is beneficial to form well-dispersed metal oxide clusters
during the rearrangement of materials like coal and lignocellulosic materials at

initial stage, which is useful for the development of porosity (Addoun et al., 2002).
C+K,0 - K+ C-0-K (2.15)

After activation, the potassium compounds are washed out using water or acid,
while the expanded lattice cannot return to the original state. Thus, the carbon lattice
remains apart causing porosity and yielding high surface area carbon (Marsh et al.,

1984).

NaOH Compared to KOH, the mechanism of NaOH activation is similar. The
activation process such as the formation of carbonate proceeds at temperatures
below 700 °C, decomposition of the carbonate to produce CO and CO> at higher
temperatures (normally >800 °C) and the formation of metallic Na is observed. In
addition to carbonate formation reactions, Tseng studied the NaOH activation
process of char and proposed the following reversible reactions between Na and C
that are possible during NaOH activation process (Reaction 2.16-2.17) (Tseng,
2007):

4NaOH + C <> 4Na + 2H>0 + CO» (2.16)
2Na — Na;O — NaOH (2.17)

NaOH reacts with carbon to produce Na, H>O and CO,, where the Na produced is
oxidised to Na,O and subsequently hydrated back to NaOH. Surface species (such
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as alkalides, -ONa) at the edges of the graphene planes are also formed in NaOH
activation (Yamashita & Ouchi, 1982; Freitas et al., 2007).

C + NaO — Na + C-O-Na (2.18)
There are differences between KOH and NaOH activation:

1) Metallic K forms during KOH activation is intercalated between the graphene
layers of the carbon crystalline, which is predominant to activate ordered graphitic
carbon materials. However, there is hardly any evidence for the intercalation of Na,
and Na was only efficient in the activation of low structural-ordered materials.
Raymundo-Pinero and co-workers found the same phenomenon when they
activated multiwalled nanotubes using the same mixing methods (Raymundo-

Pinero et al., 2005; Choi & Ryoo, 2007).

2) The starting temperature of KOH is lower than that of NaOH. Lillo-Rddenas
studied the NaOH and KOH chemical activation of coal samples via TPD
experiments (lignite, subbituminous coal and anthracite) (Lillo-Rddenas et al.,
2004). As shown in Table 2.3, the starting temperature of activation is lower for
KOH, confirming that KOH is a more reactive agent, which is mainly attributable

to the higher reactivity of KOH than NaOH.

Table 2.3 The comparison between NaOH and KOH

Starting temperature  Starting temperature

Precursor (°C) (NaOH) C) (KOH) ref
Lignite 250 225
subbituminous ,L1110-
coal 375 325 Roédenas et
al., 2004
anthracite 570 400

Although alkali metal hydroxides like KOH and NaOH are effective activating
agents to produce carbon materials possessing high surface areas and porosities, the
disadvantages such as there corrosiveness and hazardous natures also need to be

considered. While, alkaline metal carbonates that are environmental friendly and
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mild could be an alternative choice to activate carbon materials. Carbonate is
similar to intermediate product in the activation process by alkaline metal
hydroxides, and the reaction mechanism is similar to the reaction of MOH at high
temperature (Reaction 2.14). However, there are slight differences among various

carbonates.
2.2.1.2 Alkaline carbonate

Na>CO3/K>CO3/Cs2CO3 For Na;CO3, KoCO3; and Cs2COs, the global activation
reaction is shown in Reaction 2.19. Metallic Na/K/Cs and CO are formed due to the
reaction between carbonate and C, which were proposed by different research

groups (Addoun et al., 2002, Fox & White, 1931; McKee, 1983).

2C + M2CO3 — 2M +3CO (2.19)
M2CO3 < M20 + CO» (2.20)
M;0 +C — 2M + CO (2.21)

The global reaction can be separated into several simultaneous/consecutive
reactions during the activation process like the decomposition of K>COs; and
formation of metal. Fox and White showed that the thermal dissociation of Na>xCO3
happens during the activation process (Reaction 2.20) (Fox & White, 1931). The
formed NazO further reacts with C as well (Yamashita & Ouchi, 1982). Addoun et
al. studied the Cs>COs3 activation of a low rank coal by mass spectrometry and

showed that Reaction 2.20 and Reaction 2.21 occurs during activation (Addoun et
al., 2002).

However, the reaction with LioCOs followed a different route as shown in reaction
2.22, which was mainly attributed to the relatively higher stability of LiO
compared to other alkali metal oxides, and therefore it remained during activation

(McKee, 1983).

Li,CO; + C — Li0 +2CO (2.22)
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From a synthetic standpoint, the activation mechanism of various carbonates is
similar; the only difference is the size of the cation of the activating agent. The
experimental results showed that the radius of cation has a significant effect on
porosity and specific surface area of precursors. Okada, K et al. (2003) examined
the performance of various activating agents Li»CO3, NaCO3, K2CO3, Rb2CO3 and
Cs2COs3 on the same materials at 1073 K for 2 h and at the mass ratio of 1. An
increase of pore volume and surface area was observed with the increase of the radii
of cation (Li < Na < K <<Rb< Cs), which agreed with the study of Addoun et al.
(2002). In addition to the radius of the cation of the activating agent, the thermal
stability of the alkali metal carbonate in the presence of carbon material was also
found to have a profound influence on the activation process. As shown in Reaction
2.20-2.21, the lower the thermal stability of the activating agent, the greater the

effect of activation on the evolution of porosity and surface area.
2.2.1.3 Metal chlorides

In addition to alkaline metal compounds, zinc chloride is also an extensively used
activating agent. Zinc chloride is a Lewis acid; it is able to interact with nonbonding
electrons of oxygen atoms in precursors to form Zn-O complexes. Because of this,
it is often used to activate oxygen rich precursors like biomass materials and low-

rank coal (Rufford et al., 2014).

Zinc chloride acting as a dehydrogenating agent has been generally recognized
(Caturla et al., 1991, Rodriguez-Reinoso et al., 1992 and Ibarra et al., 1991), which
has been reported by several research groups. Caturla et al. suggested that the
existence of zinc chloride promotes the dehydrogenation and aromatization of raw
materials like cellulose that increas the formation of pores. Ibarra et al. reported that
zinc chloride promotes the dehydrogenation reaction, which makes the materials
react quickly below 400 °C. A systematic investigation of the effect of
ZnCly/elutrilithe ratios, activation temperatures, and activation time on the
properties of the adsorbents was carried out by Hu et al. (Hu & Vansant et al., 1995),
and they pointed out that the ability of ZnCl: to activate (generate porosity) carbon

precursors is based on its dehydrating function.
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A detailed mechanism of ZnCl, activation given by the study of different raw
materials like wood and coals is as follows (Rufford et al., 2014). During thermal
treatment, the impregnated zinc chloride protonates different oxygen containing
groups on carbon materials. After that, various reactions occur. The main reactions
are dehydration of —OH groups to promote double bond formation, hydrolysis of

glycosidic linkages in polysaccharides, and degradation of sugar monomers.

ZnCly acts as an activating agent as well as a template for the creation of
microporosity. After removal of activating agent on washing process, the matrix
generated by the activating agents’ removal leaves behind a considerable number
of pore. During the process of activation, the elimination of hydrogen and oxygen
is in the form of water, rather than volatile with the presence of ZnCl,, so a higher

yield of active carbon is obtained.
2.2.2 The influencing factors during activation process

During the activation process, the development of porosity and surface area
depends on not only the real reaction by various activation agents but also the
activation parameters (i.e. activation temperature, operating parameters, etc.)

(Wang et al 2012).
2.2.2.1 Activation temperature

Activation temperature is an important parameter during activation, which can
ensure the reaction between activating agents and precursors occurs successfully.
As for alkaline metal hydroxides, alkaline metal compounds work effectively in
two temperature ranges, including dehydration at lower temperatures and the
decomposition of carbonates and formation of surface species (such as alkalides, -
OM) at temperature higher than 700°C (Reaction 2.11-2.13) which are very
important for the development of porosity and surface area. It is similar to metal
carbonates. Normally, the activation temperature is in the temperature range from
700 to 800 °C in order to ensure the fully development of porosity and surface area.
Detailed activation temperatures in various papers are illustrated in Table 2.4. The

severe thermal treatment causes the breakdown of cross-links in the carbon matrix,
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leading to the collapse and widening of pores and the decrease of porosity (Hsu &

Teng, 2000), which is not beneficial for adsorption of gases like COs».

Table 2.4 Basic parameter of different activating agents

Agents Activation temperature (°C)
KOH 700-900

NaOH 700-800

K>COs 800

Na,CO; 760

Li2CO3 800-900

Cs2CO3 800-900

ZnCl 500-700

FeCls 280

For metal chloride like FeCls and ZnCly, the optimized activating temperature
chosen depends on not only the reaction, but also the melting point and boiling point.
This is mainly caused by the difference of the reactivity mechanism. FeCls; and
ZnClz act as activating agents as well as templates for the creation of microporosity.
The boiling point of FeCls and ZnCl; is 315 °C and 732 °C respectively. If the
temperature is too high, some metal chlorides evaporate and cannot become the
template, which will influence the surface area and porosity of the final product.
Therefore, the optimized activation temperature for ZnCl: is around 600 °C, while
for FeCls it is 280 °C. Unlike carbonates and hydroxides; the proportion of

micropores is stable with the increase of activation temperature (Hsu & Teng, 2000).

Jun’ichi Hayashi et al. (2000) did a comprehensive study on the influence of
activation temperature on the activation of lignin using various activating agents
such as ZnCl; and some alkali metal compounds such as KOH, NaOH, K>CO3 and
NaCOs. The surface area of the product was found to be at a maximum value at a
temperature of 800 °C for alkali metal compound activation, and at the temperature

of 600 °C with ZnCl,. The surface area and porosity were higher than ZnClo.
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2.2.2.2 Operating parameters

In addition to the characteristics of the activating agents themselves, operating
parameters such as the weight ratio between activating agents and precursors, the
methods of mixing of the activating agent, and the flow of gas during the activation
are also key factors which decide the porosity and textual structure of the active

carbon.

Impregnation ratio The impregnation ratio, defined as the weight ratio between
activating agent and precursor, possesses a similar variation trend as activation
temperature. As mentioned above, the increase of activation temperature results in
the degeneration of micropores and the formation of mesopores. Taking KOH
activation as an example, by increasing the KOH:C weight ratio, the amount of
metallic potassium penetrated into the carbon matrix increases (Wang et al., 2009
and Romanos et al., 2012). Consequently, the carbon matrix will be enlarged more
and the porosity will increase under their experimental condition. However, the
increase of impregnation ratio is not always good to the development of porosity
and textual structure; micropores are widened to become big pores by excessive
amount of activating agents. Tseng studied the effect of the KOH/char ratio using
corncob-derived active carbon (Tseng & Tseng, 2005), the results showed that the
surface area and pore volume grow with the increase of impregnation ratio, from
309 to 2595 m?/g and from 0.2 to 1.43cm’/g. However, the micropore volume
decreases when the impregnation ratio beyond 3. The conclusion is in accordance
with the study by Wu et al., using porous carbons from PAN-based peroxidised
cloth. The results are similar to other activating agents like ZnCl», carbonate (Wu

etal., 2004).

Duration time Duration time is defined as the duration of activation at a certain
temperature. With the increase of activation time, the pore volume and surface area
increase (Zhang et al., 2013). However, the volume and surface area of the
micropores decreased dramatically if the activation time was too long, which was
attributed to the collapse and widening of pores and the decrease of porosity (Tsai

et al., 1998), The optimum activation time for various precursors is different, for
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PCs (Wu et al., 2004) it is about 30 min, while the time reported for anthracite in
literature is about 2 h (Ahmadpour et al., 1997 and Lozano-Castello et al. 2001).

Atmosphere 1t is important to state that nitrogen, a cheap and inert gas, is the gas
most commonly used in chemical activation. The nitrogen flow is important and
beneficial to the development of porosity even to a greater extent than the activating
agent to coal ratio (Lozano-Castello et al., 2001 and Lillo-Rédenas et al., 2001).
High flow accelerates the removal of the gases produced during activation process
which would promote the reactions so as to create more micropres. For KOH
activation, it will also increase the evaporation of potassium metal that is produced
by reaction between carbon and activating agents like KOH/carbonate during
activation process, which in return increases the development of porosity. The
activation in various atmospheres N2, CO; and steam was also studied by Lillo-
Rédenas and co-workers (2003), and it was found that other gases has little effect
on the development of porosity, while CO> have negative effect on activation at

relatively low temperatures, under 800°C.
2.2.2.3 The effect of precursors

In addition to activation temperature and operational parameters, precursors also
played an important role in the porosity development. As aforementioned, the main
components of biomass were cellulose, hemicellulose and lignin. It was studied by
Gergova et al (1994) the porous structure of activated carbons from agricultural
wastes were closely related to the original textural properties of raw materials.
Higher pore volume of activated carbon derived from lignin than that of carbon
derived from cellulose. The results obtained by Reed and Williams (2004) also
showed that the precursor with high lignin content had higher carbon yield as well
as microporous surface area, which was also approved by Daud and Ali (2004) by
using coconut shell and palm shell. They suggested that the surface area and
porosity of sample with higher lignin content were higher. In addition, it was found
by Jagtoyen and Derbyshire (1998) that the performance of lignin and cellulose was
different. Carbons derived from lignin via chemical activation possessed mostly
micropores while carbons derived from cellulose were more likely a mixture of

pores with wide pore size range.
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In addition to the organic components in carbons, inorganic component like silicon
could also help the development of porosity. The typical agricultural material was
rice husk, a kind of materials that rich in silicon. It was found that the molecular
level silicon could be considered as natural template which was beneficial to the

development of porosity (Wang et al., 2012; Liu et al., 2017).

Moreover, there are also other influencing factors like pre-oxidation and pre-
carbonization, more information can be found from reference (Wang J et al., 2012

and Teng & Wang, 2000).
2.2.3 The change of heteroatom during activation

In addition to carbon, there are also heteroatoms like O, N forming surface
functional groups that exist in the starting materials (Moreno-Castilla et al., 2000,
Gomez-Serrano et al., 1999, Snoeyink et al., 1967, El-Sayed et al., 2004), on surface
or at the edge. During chemical activation, some of the heteroatoms are removed in
the form of gas while others transform from heat-liable forms into relatively stable
groups at high temperature up to 900 °C. The resulting heteroatom containing
groups on surface are significantly affected by the surface chemistry of the activated
carbon surface (Laszlo et al., 2001) as well as the CO; adsorption on carbon,
especially at low COz partial pressures (Yin et al., 2013; Drage et al., 2007; Pevida
et al., 2008; Plaza et al 2009). Therefore, understanding the reaction of heteroatom
containing groups during the activation or preparation processes is useful to
produce high performance solid adsorbents. Among the surface complexes in

carbons, surface oxygen groups and nitrogen groups are of vital importance.
2.2.3.1 Oxygen containing groups

The oxygen containing groups are mainly divided into two categories, acidic groups
and basic groups. Typical acidic groups are arboxyl, carbonyl, phenol, lactone, and
carboxylic anhydride (Park et al., 2002). The groups corresponding to chromene,

pyrone, and quinone belong to the basic groups (Puri et al., 1970).

The effect of the chemical activation or thermal treatment on the chemical nature

of the carbon surface has been studied by many researchers. Oxygen containing
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groups will decompose to CO; or transform to more stable groups during activation.
Reviews about the change of oxygen containing groups can be found in reference
(Shafeeyan et al., 2010). Figure 2.3 illustrates surface oxygen containing groups on
carbon and their decomposition by temperature-programmed desorption (TPD).
High temperature treatment >700 °C like KOH activation under an inert atmosphere
(N2, helium) was able to remove most of the acidic oxygen containing groups such
as carboxyl, lactone, phenol etc. Others like carbonyl, anhydride, ether and quinine
on a carbon surface can be decomposed at 800-1000 °C. The existence of an
activating agent also influenced the reaction of oxygen containing group. Soo-Jin
Park et al. found that a large number of functional groups were formed with the
increasing KOH-to-polystyrene-based cation exchangeable resin (PSI) ratio when

PSI was activated at 700 °C (Park et al., 2002).

The decomposition of O containing groups is beneficial to increase the basicity of
the carbon surface (Otake et al., 1993, Darmstadt et al., 2003). The main reason is
that acid oxygen containing group such as carboxyl, lactone, phenol can decompose
at relatively low temperature ranging from 100 to 700 °C. Weak acid groups and
basic groups decompose at high temperature (800-1000 °C), which is shown in the
figure. Therefore, the large amount of CO» releasing groups are removed, the CO

releasing groups remain in the carbon (see Figure 2.3).

Temperature (900 K)
(523 K) (623 K, 673 K) (623 K, 673 K)
(373K, 673K) (463 K, 923 K) (873 K, (973K, 1253 K) (873K) (1073 K, 1173 K)
(473 K, 523K) (473 K, 523K) 973 K) (1073 K, 1173 K) (900K) (973 K)(973 K, 1253 K)
CO, CO, Cco Cco CO+CO, CO CoO
t tor t o+t

Carboxylic ~ Lactone  Phenol Carbonyl  Anhydride  Ether Quinone

PP B A R N

Figure 2.3 Surface oxygen containing groups on carbon and their
decomposition by TPD reproduced from reference (Shen et al., 2008)

_27 -



2.2.3.2 Nitrogen containing groups

Possible structures of nitrogen containing groups in the active carbon shown in
Figure 2.4 include amide (—CO-NH), imide (-N=), pyridinic N, pyrrolic N and
quaternary N, pyridine-N-oxide species (Zhang et al., 2013).

""" 5 HO
|/ Pyridine

Pyridone

Pyridifiic N-O

Figure 2.4 Possible N-containing groups existing in activated carbon (Jeon et
al., 2014)

All the nitrogen functionalities are basic, which can increase the basicity of the
carbon surface. This can enhance the interaction between surface and acidic
molecular like CO> so as to increase its adsorption capacity. The source of nitrogen
in activated carbon derives from the starting materials or ammonization after
activation. Due to the limited improvement on nitrogen content and the introduction
of additional complexity of the time-consuming synthetic step (Plaza et al., 2010;
Zhang et al., 2016 and 2016a), using nitrogen-rich precursor to prepare nitrogen-
doped activated carbon were commonly used. Therefore, many nitrogen containing
precursors like polyaniline, polypyrrole, melamine based microporous organic
polymers, lysine based porous carbon (Hao et al., 2013), acrylonitrile (Lu et al.,
2002), melamine (Hulicova et al., 2005) and cyanamide (Goettmann et al., 2006),
Porous carbon nitride (CN) spheres (Li et al., 2010), ethylenediamine based porous
carbon (Lv et al., 2012), bean dreg (Xing et al., 2012) have been used to produce
porous carbon or polymer. The nitrogen groups in theses precursors are not

thermally stable, and therefore the nitrogen content will decrease with the increase
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of temperature during activation, which is removed or form new functional group.
Therefore, it is very important to find the stability of various N-containing groups

during activation.

(1) Thermal treatment without chemical activating agents: The reaction in an
inert nitrogen atmosphere is mainly decided by the thermostability of various
nitrogen containing groups during carbonization. Quaternary nitrogen and
pyridinic-N-oxides are more likely to be formed after thermal treatment without
activating agents at high temperatures ( Hao et al., 2010, Sun et al., 2014, Sevilla et
al., 2011, Tian et al., 2008 and Wang et al., 2008). Hao et al (2010) found that a
greater amount of amide and pyrrolic nitrogen are observed at lower pyrolysis
temperatures of 400 and 500 °C during carbonization of lysine based precursors,
which is in accordance with Nilantha P. Wickramaratne et al. (2014) who used
ethylenediamine based carbon spheres (pyridine-type nitrogen, pyrrolic- and/or
pyridone-type nitrogen) as the precursor. With the increase of temperature, amine
and pyrrolic nitrogen species become unstable and transform into quaternary
nitrogen and pyridine-N-oxide species over 700 °C. It was also found that the
amount of pyridine-type nitrogen was higher than that of pyrrolic- and pyridone-
type nitrogen analyzed by XPS before activation while new nitrogen containing
group quaternary nitrogen and pyridinic-N-oxides formed after thermal treatment

(Wickramaratne et al., 2014) .

(2) Thermal treatment with activating agents: Compared to carbonization,
pyridonic-N groups are more likely to be formed in the presence of chemical
activating agents during activation that create an oxidising atmosphere (Sevilla et
al., 2011). It was also shown that no quaternary-N species existed in the porous
carbon obtained by chemical activation unlike for carbonisation process (Lezanska

et al., 2009).

The change of nitrogen groups in precursor during KOH activation was studied by
Sun et al. using aminated polyvinyl chloride as precursor (Sun et al., 2014). The
nitrogen containing groups such as pyridinic N, pyrrolic and pyridone N, quaternary
nitrogen and pyridine-N-oxide significantly chang during KOH activation.

Pyridinic N and quaternary nitrogen disappear or transform into pyrrolic and
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pyridone N, which is the main form in carbon (Laszlo et al., 2001a, Pels et al., 1995).
Meanwhile, the total amount of nitrogen decreases with the increase of
impregnation ratio KOH/AC, which also means that the existence of activating
agents like KOH accelerate the change of nitrogen containing groups in precursors

compared to reference (Wickramaratne et al., 2014 and Hao et al., 2010).

Sevilla et al. (2011) found that pyrrolic nitrogen in polypyrrole transformed into
pyridinic nitrogen and N-oxides of pyridine-N (Pels et al., 1995 and Shrestha et al.,
2010) during activation. The proportion of pyridinic-N decreases from 16% to 11%
as the activation temperature increases from 600 to 700 °C. After KOH activation
at 700 °C, only pyridonic-N and a small fraction of pyridinic-N groups are observed
in the active carbon as the temperature further increased to 800 °C, both the
pyridinic-N and pyridonic-N groups are gradually removed, pyridinic-N is much
easier to be eliminated. Quaternary-N is the most stable N containing groups in

pyrolysis condition (Tian et al., 2008).

Zhao et al. (2012) obtained the porous carbon using tri-continuous mesoporous
silica IBN-9 as a hard template and p-diaminobenzene as the single nitrogen-
containing precursor containing pyridine nitrogen and the Ph-NH; group. After
KOH activation at 600 °C, the total amount of nitrogen and Ph-NH> decreases as

most of the nitrogen species is transformed into pyridine nitrogen.
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Table 2.5 the performance of different activating agents for different

precursors
2 Vmicro Vt Dr
Precursors Seer(m-/g) (cm¥/g) (cm™/g) (nm) Ref.
KOH activation
’ 56. 2.89
coal tar pitches 2600-3600  0.8-1.03 ’ - Shao et al., 2011
3.18
4.05
) Lillo-Rédenas et
anthracite 2326 0.62 1.05 al., 2004
acetylene based 1670 Raymundo-Pinero
nanotube et al., 2005
vacuum residue 3100 1.45 1.57 Wabhby et al., 2010
decanted oil 2595 1.16 1.16 Wahby et al., 2010
mesoporous 2700 1.00 1.70  0.84  Choi et al., 2007
carbons
cork powder waste 1336 0.56 0.66 Cardoso et al, 2008
active carbon 3190 1.09 1.69 2.5 Wang et al.,2009
glucose 1283 0.61 0.44 Lietal., 2011
maize stalks 1523 0.624 0.76 0.99 El-Hendawy 2009
fir woods 1064 0.51 0.61 2.3 Wau, et al., 2005
pistachio 1096 0.55 0.61 2.2 Wu, et al., 2005
polystyrene-based
cation 1947 0.83 1.28 2.6 Park et al., 2002
exchangeable resin
Graphite (C-O) 2590 0.86 2.0 Fuetal., 2011
poly(vinylidene
chloride)-based 2151 0.85 0.90 Caietal., 2014
carbon
saran-derived 2200 0.96 1.01 Dziura et al., 2014
carbons
corncob 2596 1.11 1.43 2.2 Tseng et al., 2005
rice straw 1917 0.73 0.94 1.03  Bastaetal., 2009
anthracite 3380 1.5 Gorka et al., 2008
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Precursors Sger(m?/g) (Z”;ggjg) (Vctm3 o) 8m) Ref.
wood 733 0.143 0.359 Hsu et al., 2000
cellulose 678 0.284 0.333 Hsu et al., 2000
lignin 514 0.214 0.246 Hsu et al., 2000
xylan 926 0.395 0.443 Hsu et al., 2000
activated carbon,
Norit® SX2 2800 1.03 Lota et al., 2008
POCH-Poland
phenol—
formaldehyde 1840 0.84 0.96 2.1  Tengetal., 2000a
resins
commercial active 1464 0.59 136 Jin et al., 2010
carbon
synthesized carbon
using Pluronic 1685 0.47 1.25 Jin et al., 2010
F127
NaOH activation
anthracite 1630 LAHZS?gggjéset
“hmowbe S22 o4 2005
rice husk 2841 0.849 1.692 2.38  Songetal., 2012
K>COs activation
pistachio shell 1800 0.78 0.80 Hayashi et al.,2002
Na;COs activation
spanish anthracite 45 0.02 Lill(;—f(;c(i)%rias ct
waste newspaper 790 0.78 Okada et al., 2003
Li>COs activation
waste newspaper 680 0.53 Okada et al., 2003
Cs2CO0s activation
waste newspaper 1310 0.80 Okada et al., 2003
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2 Vmicro Vt Dr
Precursors Sper (m”/g) (cm¥g) (cm¥g)  (nm) Ref.
ZnCl; activation
N-carbon 537 0.218 0.258 Hao et al., 2010
monoliths
honeycomb- 924 0.37 0.38 Vargas et al., 2012
monoliths
cherry stones 1971 0.74 1.15 Anson et al., 2004
FeCl; activation
coffee fruit 965 0.40 0.51 0.63 Oliveira et al.,2009
CaCl; activation
honeycomb- 1469 0.60 0.64 Vargas et al., 2012
monoliths

Note: Sger: specific surface area calculated by BET method; Vmicro: micropore

volume; V. :total pore volume; D; : average pore size.
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2.2.4 The performance of activated carbon on CO; absorption

The adsorption behaviour of CO> on active carbon derived from different precursors
under various temperatures and pressures has been widely studied. The results show
that ACs that possess high surface area and abundant microporosity exhibit a high
capacity for CO2 under very high pressures, up to 20 bars, and low temperature 0 °C
(Shao et al., 2011, Cai et al., 2014, Meng et al., 2012, Mishra et al., 2011; Hao et
al., 2011). However, CO> uptake decreases dramatically with an increase of
temperature and decrease of CO; partial pressure. It still fails to meet flue gas-
simulated conditions. Typical flue gas from post-combustion effluents like power
plant contains 3-15 % CO2 and more than 70% nitrogen at a pressure of
approximately 1 bar and high temperatures of up to 75 °C (Balsamo et al., 2014),
which mean that much stronger force is needed in order to avoid COz escaping from
the pore structure (Zhang et al., 2013). The chemical properties of the carbon
surface and characteristics of porosity (Song et al., 2012) are key factors to enhance

CO> on active carbon. In this chapter, both of them will be discussed in detail.
2.2.4.1 The role of porosity on CO:2 adsorption

Adsorption potential in pores Gas adsorption in pores depends on the potential
energy resulting from the interaction between a gas molecule and the whole pore
structure, which is significantly affected by the pore shape and pore width (Lowell
et al., 2012). For activated carbon, the adsorption potential of pores is from the van
der Waals potential created by different pore walls. The interaction between slit
pores and gas molecule in different kinds of pores are different (Lowell et al., 2012).
The adsorption in macropores is similar to the adsorption on a surface because of
the large pore width, so the adsorption potential is determined by interactions
between gas molecules and surface. Adsorption potential in mesopores shows two
shallow minima that are much stronger than the center of the pore, indicating that
not only the adsorbate-pore wall interaction but also adsorbate-adsorbate
intermolecular attraction dominates the adsorption potential. It is also the main

reason for the existence of capillary condensation in mesopores. In micropores, for
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different kinds of adsorbate molecule, the interaction potential in micropores is

different.

Evertett and Powl (1976) calculated the interaction force between adsorbent and
adsorbate in slit micropores. Figure 2.5 illustrates the distribution of sorption
potential along with the vertical section of parallel pore walls (Zhang et al., 2013).
The slit width is the distance between two adjacent graphite layers, d is half of the
slit width and ro 1s the molecular radius of the adsorbate. It can be found that two
energies minimum peak existed when the slit width is larger (Figure 2.5a). With the
decrease of slit width, the energy minima merged to one peak at the center of the
pore and the absolute value of interaction potential increases, indicating the
adsorbate strongly interacts with adsorbate molecule. When d/ro is 1.0, the
interaction potential reaches a maximum. The change from one peak to two minima
peaks of interaction potential can be considered as the critical stage, because the

interaction potential sharply decreased as the slit width decreases further.

[enuajod uondios

UAU

slit width slit width slit width

(a) d/r=1.60 (b) d/rg=1.14  (c) d/r;=1.00

Figure 2.5 The sorption potential between adsorbate and micropores (slit pores)
(Zhang et al., 2013)

CO: adsorption in micropores CO; adsorption in micropores can be divided into

two stages: at low partial pressure, micropore filling dominates the process, CO>
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molecules fill the entire pore space and the adsorbate is in a liquid-like phase (Zhang
et al., 2013); at higher pressures, the relative contribution of the solid-adsorbate
interaction potential decreases and multilayer adsorption occurs, resulting in a
reduced isotherm slope (Mishra et al., 2011). As studied, activated carbon showed
high adsorption capacity at high CO> pressure. However, due to the weak
interaction force created by Van der Waals force, adsorption on activated carbons is
very sensitive to CO» partial pressure and temperature. The adsorption capacity was
dramatically decreased with the increasing adsorption temperature or decreasing
CO3 partial pressure. Therefore, the low adsorption capacity of porous carbons at
low partial pressures or high temperatures has become the major drawback that has

limited their practical applications (Lee et al., 2015; Samanta et al., 2011).

As mentioned above, the van der Waals force decreases with the increase of pore
diameter, and the critical slit width where the energy minimum changes from one
peak to two peaks for CO> is 0.76 nm (0.54 nm as pore width) (Everett et al., 1976;
Zhang et al., 2013). So, preparation of activated carbons with an ultra-micropore
(0.70 nm) domain structure become the best choice in order to meet the requirement
of post combustion CO» capture, and recent work has gradually shifted toward
ultramicropores. (Wahby et al., 2012, Lee et al.,, 2013, Sun et al.,, 2013,
Wickramaratne et al., 2013a, Wickramaratne et al., 2013b, Yin et al., 2013,
Wickramaratne et al., 2014, de Souza et al., 2013 and Presser et al., 2011).

It has been established that the ultra-microporosity plays an important role in gas
adsorption (Shafeeyan et al., 2010). Ultramicropores (<0.7 nm) are the preferred
place for CO; adsorption, which fills pores to a high degree rather than multilayer
or monolayer adsorption. As shown above, smaller pores possess stronger
interaction between CO; and the carbon surface, indicating that smaller pores are
more effective for CO; capture at high temperature or low pressure (Zhang et al.,
2013). Recently, much effort has focused on this area. In particular, based on a large
number of experiments, Yin et al. (2013) found that the surface area is not the
determining factor for CO> adsorption, where ultra-micropores are more important.
Similarly, Zhang et al. (2013) produced microporous carbon materials with

extremely small pore size by employing polyaniline as a carbon precursor and
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concluded that the capture capacity of the carbon adsorbents may strongly depend
on the fine pore size distributions rather than on the specific surface area or total
pore volume. Wei et al. (2012) used microporous activated carbon prepared from
bamboo to investigat the role of narrow pores, the results indicate that there is a
good linear relationship between volume of micropores in the range of 0.33—0.82
nm and CO: adsorption at 273 K and 1 bar, and micropores of about 0.55 nm
diameter produced the major contribution. Moreover, Zhang et al. (2013a) further
verified that the CO; adsorption capacity is associated with the pore volume of
pores smaller than a specific pore size, which varied with temperature and CO>
partial pressure. The critical pore size 0.8 nm, 0.7 nm and 0.54nm determined for
CO; adsorption at 273K 1bar, 298K 1bar and 298K 0.15bar respectively. It indicates
the minimal required interaction force to bind CO> molecules increases as the
partial pressure decreases and temperature increases. On the other hand, CO
diffusion in microspores is the limiting step of the adsorption process (Balsamo et
al., 2013 and Wahby et al., 2010), and although mesopores or macrospores have no
contribution to adsorption capacity, they are still play an important role on the

enhancement of the CO; adsorption rate.

The synthesis of the specific adsorbents containing ultra-micropores for CO>
adsorption is the key point. Carbonizing synthesized materials with designable
porosity (Liu L et al 2012, Lu et al., 2004, Pevida et al., 2008, Hao et al., 2010) and
chemically activating precursor like biomass (Zhao et al., 2010; Coromina et al.,
2016), polymers (Ludwinowicz et al., 2015) are the main approaches to prepare
microporous carbons. In comparison, chemical activation has unique advantages,
like adaptability, inexpensive and controlled micropore size distribution and is
widely used and recognized. Potassium hydroxide has been proved to be the best
activating agents to prepare specific ultra-microporous adsorbents. Many papers
have reported that activated carbons with high CO, adsorption capacity were
prepared by KOH activation (see Table 2.6). By now, Jujun grass (Coromina et al.,
2016), coconut shell (Yang et al., 2015) and bamboo (Wei et al., 2012) present CO2
capacities of 1.3-1.6 mmol/g at 298 K, 0.15 bar while CO» adsorption capacities of

most commercial carbons are usually below 5 wt% (ca. 1 mmol/g) at 0.15 bar CO,
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and 25 °C despite their very high surface areas and pore volumes (Himeno et al.,

2005; Hao et al., 2011).
2.2.4.2 CO2 adsorption on surface modified activated carbon

However, the ultra-microporosity cannot be developed without limit. Another
effective way to improve the CO> adsorption capacity at low partial pressure is to
enhance the surface affinity to CO; via surface modification by heteroatoms
including nitrogen, oxygen and metals, which have been studied by many papers

(see Table 2.6).

Oxygen containing groups Based on the widely-accepted acid-based interaction
mechanism for CO; adsorption, the presence of oxygen containing groups most of
which are acidic on carbon surface, would have negative influence on CO>
adsorption. However, Xing et al. (2014) used carbide-derived carbons with different
oxygen content prepared from HNO; oxidation to adsorb COz. The results indicated
that the oxidation process led to an increase in CO> adsorption capacity of the
porous carbons and the CO; adsorption capacity of the CDCs had a linear
correlation with their surface oxygen content, which was similar to the results
obtained by using oxidized phenolic resin carbon as CO; adsorbent (Plaza et al.
2013). Moreover, Xing et al. (2014) also investigated the possible strengthening
mechanism of O containing groups by quantum chemistry and found that H bonding
formed between O containing groups and CO2 molecules that can enhance the CO»
capacity of samples. No more reports in this area have been published; further study

needs to be carried out in order to thoroughly understand the mechanism.

Nitrogen containing groups The introduction of N containing groups into carbon
materials has been widely studied because these groups increase the basicity and
charge delocalization of the carbon surface which can enhance selective CO>
adsorption (Shen et al., 2013; Sivadas et al., 2016; Xing et al., 2012; Wang et al.,
2011). Two strategies have been employed: utilization of nitrogen-rich precursors
and post ammonification of porous carbon at high temperatures. The post treatment
method is not commonly used due to the limited improvement on CO> uptake and

the introduction of additional complex and time-consuming synthetic steps
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involving the use of corrosive reagents (Plaza et al., 2010; Zhang et al., 2016 and
2016a). Therefore, using nitrogen rich precursors like acrylonitrile, benzimidazole,
polypyrrole, polyurethane and biomass like bean dreg is more attractive. As shown
in Table 2.6, overall, activated carbons prepared from materials with nitrogen
containing groups possessed higher CO> adsorption capacities than that from
nitrogen-free precursors like some biomass and polymers. There are some detailed
studies claiming that nitrogen functionalities could improve the CO> uptake and
heat of adsorption (Sanchez-Sanchez et al., 2014; Sevilla et al., 2011; Fan et al.,
2013; Xing et al., 2012). Sanchez-Sanchez et al. (2014) studied the effect of
nitrogen containing groups on CO; adsorption using polyamide. The influence of
different nitrogen functional groups like pyridinic, pyrrolic and quaternary N was
investigated in this paper. The rank of importance of different groups were reported
as pyrrolic > pyridinic > quaternary N. In Sevilla’s paper, they believe that the
nitrogen forms pyridonic-N structures which is the main form of nitrogen in carbon,
may be beneficial for CO; capture (Sevilla et al. 2011). The reason was that the p
orbital in its ~OH group in pyridone nitrogen group produce a p-p conjugation effect
with its p-m bond in pyridine nitrogen, which endows the nitrogen located in the
ortho-position of ~OH with stronger electron atmosphere consequently enhances its
Lewis basicity. Therefore, the CO, uptake of porous carbon increased (Fan et al.,
2013). Otherwise, Xing et al. (2012) pointed out that hydrogen-bonding between
N-H and O accounted for the superior CO: uptake of the activated carbon based on

experimental results and quantum study.

However, some papers also reported that there is no direct relation between the CO»
adsorption capacity and the total amount of N (Zhang et al., 2012; Sun et al., 2013).
Similarly, it can be observed from Table 2.6 that the uptake of porous carbon
materials with a high nitrogen content of 28 wt% is 1.36 mmol/g at 25 °Cand
0.15bar, which was lower than that of RF resin derived samples with 4.32 wt% N
content (1.80 mmol/g) and even well-designed N-free porous carbon materials (1.6
mmol/g). Adeniran et al. (2016) studied the CO; adsorption performance of N-
doped and N-free carbon materials with identical or closely matched pore size and
the results showed that the presence of N has no beneficial effect on the adsorption

of CO,, which was consistent with some other papers (Sun et al., 2013; [a]Sevilla
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et al., 2013; Zhang et al., 2013). Simulation results from Kumar et al. (2015) also
point out that N doping can only marginally improve the single component

adsorption of CO». In other words, the effect of nitrogen on CO» capture is still

debatable and more research is needed.

Table 2.6 CO2 adsorption capacity of activated carbon materials at 25 °C and

0.15 bar
Surface N CO2
Samples area Content uptake Ref.
(m%g)  (wt%)  (mmol/g)?

Potassium hydrogen Adeniran et
phthalate derived carbon 932 0 1.60 al.,2014

Jujun grass derived carbon 1512 0 1.50 g(;) lr gmlna et al,

Phenolic resin spheres (C- Ludwinowicz et
K-5) 1160 0 1.50 al., 2015
Granular Bamboo-Derived .

Activated Carbon 1846 0 1.30 Wei et al., 2012
Phenolic resin spheres (CS- Wickramaratne
) 669 0 1.30 etal., 2013b
Sawdust derived carbon 1390 0 1.20 sevilla et al,

2011a

Lignocellulosic Parshetti et al.,
feedstock derived carbon 1322 0 1.20 2015

Waste coffee ground derived 1624 0 120 Travis et al,
carbons 2015

Carboxylic phenolic resins 897 0 1.10 Zhou et al., 2016
Nitrogen-rich POTOUS 993 28 1.36 Chen et al., 2012
polymer

Melamine—formaldehyde Pevida et al,
(MF) resins 336 272 1.50 2008
1,3-bis(cynomethyl Sethia et al,
imidazolium) chloride 17223 170 2015
om-ph-MR 256 18.16 0.80 Leeetal., 2015
Benzimidazole 830 17.6  2.03 Ashourirad et al.,

2016
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Surface N CO2
Samples area Content uptake Ref.

(m%g) (Wt%)  (mmol/g)?
N-doped MESOPOTOUS 537 131 1.20 Wei et al., 2013
carbons
p-diaminobenzene  derived ¢y yp5 g Zhao et al., 2012
carbon
N-Doped Polypyrrole-Based Sevilla et al.,
Porous Carbons 1700 10.14 0.92 2011
Sucrose and wurea based Sivadas et al.,
carbon 936 8.9 155 2016
Benzimidazole-Linked Ashourirad et al.,
Polymer based carbon 1630 7.88 2.10 2015
Ammonia modified biomass 2511 791 1,59 Zhang et al.,
carbon 2016
Nanostructured  templated 2559 7 1 .48 Wang et al., 2011
carbon
Nitrogen-doped coconut
shell-based carbon 879 6.16 1.50 Yang et al., 2015
N-doped carbon nanotube 979 59 1.00 Wei et al., 2013
Polypyrrole derived carbon 941 5.8 1.70 To et al., 2016
Polybenzoxazine —derived 1555 555 177 Wan et al., 2015
carbon
Polypyrrole  functionalized Chandra et al.,
graphene sheets 1360 4.8 1.50 2012
N-doped carbons 3360 4.7 1.00 Xia te al., 2011
Nitrogen-doped POTOUS 1376 4.6 1.50 Kou et al., 2016
carbon
Chitosan derived 1381 459 110 Fan et al., 2013
microporous carbon
Chitosan-derived activated 355 353 58 Fujiki et al., 2016
carbons
N-doped porous carbons 1979 4.32 1.80 Maetal., 2013
Poplaranthers derived ;.53 3¢5 1.42 Song et al., 2013
carbon
Meta-aminophenol- 272 3.8 1.67 Zhou et al., 2015
formaldehyde resin
N-enriched carbon monoliths 1740 3.38 1.51 Maetal., 2014
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Surface N CO2
Samples area Content uptake Ref.
(m%g)  (Wt%)  (mmol/g)?

Alabadi et al.,

Biomass derived carbon 1636 3 1.20 2015

Nitrogen-Doped Porous

Carbon Monolith 467 1.92 1.27 Hao et al., 2010

Popcorn-Derived  Porous ¢, 1.62 121 Liang et al., 2016

Carbon

Nitrogen-containing - carbon ¢,y 6 43 Liu et al., 2012

spheres

Bean dreg derived carbon 1060 0.28 1.40 Xing et al., 2012

Coconut shell derived carbon 832 0.20 1.40 Yang et al., 2015

ZIF-8 derived carbon 950 -- 1.40 Gadipelli et al,
2012

Porous carbon monolith 670 - 1.10 Hao et al., 2011

2.2.4.3 Metal-doping carbon materials

The introduction of nitrogen improves the carbon surface and enhances the
interaction between CO> and the carbon surface so as to increase the CO> uptake.
In addition, metallic additives in carbon materials also draw attention. Metal doping
of carbon materials has been widely used in the catalyst industry. The presence of
metallic species on the carbon surface or inserted into the carbon layers can also
significantly enhance CO- uptake. Normally, metallic additives in the form of metal
oxides act as the electron donor in active carbon, which can improve the basicity of

the surface.

Several research groups have shown that potassium intercalation in the form of
surface potassium oxides groups achieved via an innovative chemical activation
protocol can be a powerful method to boost CO> uptake, especially at low CO
partial pressure (Liu et al., 2015; Zhao et al., 2012). Liu (2015) reported that the
potassium intercalation gives rise to more than double the CO- uptakes for nitrogen-
free phenolic resin derived carbons. The results suggested that the greatly enhanced
surface affinity for CO; is closely linked to the solid state electrostatic effects

created by the extra framework cations due to alkali intercalation, a phenomenon
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that is usually only observed for zeolite and MOF adsorbent materials (Wu et al.,
2010; Bae et al., 2013). Potassium intercalation can potentially serve as an effective
approach for remarkably enhanced CO» capture performance of carbon-based
adsorbents at low partial pressure that can be produced from a wider range of

feedstocks.

Transition metals The experiments using transition metal like nickel (Jang et al.,
2012), cooper (Kim et al., 2010), zirconium and zinc (Somy et al. 2009) as metallic
additives showed that the existence of metal oxide can enhance CO; capacity of
active carbon, while pure metal or metal oxides like Fe>O3 had no effect. The
improvement of the adsorptive properties of activated carbons using metallic
species, such as NiO and Cu0, has been recently reported, even though the pore
volume and surface area decreased after decoration (Kim et al., 2010 and Somy et
al. 2009). The reason might be that the existence of metal oxide NiO and Cu,O
serving as electron donors enhance the adsorption of carbon dioxide due to the acid—
base properties. The CO> uptake of activated carbon impregnated with Cr,O
increases about 20% in comparison to raw activated carbon, while it can be further

enhanced by co-impregnation of Zn**compared to independent impregnation.

2.2.4.4 CO: adsorption at flue gas condition

Flue gas from a typical coal-fired power plant contains 12-15% CO; at about 40-
50 °C and it will be commercially and technically unrealistic to further cool the flue
gas to room temperature in order to cater for carbon based materials. Although
many studies have tried to improve the performance of activated carbon, most of
them just reported the adsorption capacity up to 25 °C and quite few reported its
performance at 40-50 °C. When the adsorption temperature increased from 25 °C
to real flue gas conditions, the adsorption capacity sharply decreased about 40-50%.
For instance, the uptake of benzimidasol derived carbon declined from 2.03 mmol/g
at 25 °C to 1.0 mmol/g at 50 °C (Ashourirad et al., 2016). The adsorption capacity
of most reported samples is only 0.5 mmol/g-1.0 mmol/g at 40-50 °C and 15% CO:
in nitrogen (Table 2.7). It seems that surface nitrogen containing groups are not the
key factor that determine the adsorption. Benzonimidazole based samples

(17.6wt%), N-doped carbon (5.8wt%), chitosan derived carbon (3.38wt%)
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achieved similar uptakes 1 mmol/g at 50 °C and 0.15 bar (Table 2.7). However,
higher interaction forces between CO; and carbon were needed as temperatures
increase to 50 °C. Ashourirad et al. (2016) found that pores with diameters smaller
than 0.4 nm are the most efficient in capturing CO> at 50 °C, 0.15 bar that was
around 0.5 nm at 25 °C. Controlling the synthesis of samples with narrow micropore
domain structures of 0.4 nm is almost impossible. Surface modifications

incorporated with surface containing groups might be a potential way.

Table 2.7 CO2 adsorption capacities of samples reported at 0.15 bar and 40-

50 °C

sample ! Capacity Reference

(°O) (mmol/g)

Benzimidazole 50 1.0 Ashourirad et al., 2016
Polypyrrole 50 1.0 To et al., 2016
om-ph-MR 50 0.45 Lee et al., 2016
CP-600-2 50 0.5 Sevilla et al., 2011
AC2-635 50 0.65 Fan et al.,, 2013
SA-2N-P 45 1.0 Ma et al., 2014
AS-700-2 50 0.5 Sevilla et al., 2011a
C-K-5 50 0.7 Ludwinowicz et al., 2015
HT150-800 50 0.75 Parshetti et al., 2015

Nowadays, CCS from large stationary emission sources like coal-fired power plants
is widely regarded as the most efficient strategy to reduce anthropogenic
greenhouse gas emission in the short term. However, as reviewed, there is no
technology perfectly meeting the requirements of low concentration CO2 capture
from flue gas. Although CO, adsorption using activated carbon-based CO-
adsorbents is considered to be one of the most promising technologies due to their
unique advantages compared to chemical absorption process, the barriers of
physical adsorption process at low partial pressure still need to be overcome. It is

also the key to commercialize the SALT technology based on activated carbon.
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2.3 Aims and objectives

The proposed PhD project aims to utilise abundant and easily accessible materials
such as biomass or polymers as precursors, with alkaline metal based compounds
as activating agents, to prepare novel activated carbons using alkaline metal based
compounds as activating agents with exceptional CO» adsorption performance to
meet the requirement of post combustion CO» capture in power plant. The specific

objectives include:

1) To explore various precursors including polymer and renewable feedstocks to
prepare novel CO> adsorbents with high adsorption capacity and high CO2/N;
selectivity at 0.15 bar COa.

2) To identify the role of textural structure and surface chemistry on CO; adsorption
capacity at different temperatures and pressures and to establish the fundamentals

that govern the performance of CO; adsorption on porous carbons.

3) To develop new approaches to boost the CO> adsorption of carbon materials

especially at low partial pressures.
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Chapter 3 Methodologies

3.1 General sample preparation

Two kind of easy accessible precursors rice husk (biomass) and polyisocyanurate
(PIR) based material (polymer) were used to prepare the CO; adsorbents in this
project. KOH and K>COs have been intensively investigated as activating agents to
prepare carbon materials especially microporous carbon materials. In addition, our
former research (Liu et al., 2015) and researches from other research group (Zhao
et al., 2012) found that potassium intercalation during KOH activation process was
beneficial to the adsorption of CO». So in this project, potassium compounds KOH
and K>COs; were chosen as the activating agents. The experimental parameters like
mixing procedure, activation time, atmosphere and temperature were designed
referring to the references (Liu et al., 2015; Lozano-Castello et al., 2001; Zhang et
al., 2013; Tseng & Tseng, 2005).

The general activation procedure was as follows: The as-prepared sample mixed
with activating agents like KOH and K>CO3 was heated up in a purpose-designed
carbonization/activation furnace to the desired temperature at a heating rate of
5 °C/min in a nitrogen flow of 1 L/min and was maintained at this temperature for
1 h before it was cooled down to ambient conditions. To yield the final bio-carbon
products, the mixture was removed from the activation furnace and washed with

excessive quantities of de-ionized water until neutral.

In order to improve the performance of adsorbents, pre-treatment methods like
oxidation and compaction were also employed. The procedure was as follows:

1) Pre-oxidation: Pre-oxidation of carbon precursors in air is a fundamental stage
in the preparation of activated carbon, with great influence on the primary pore
structure and chemical property of activated carbon (Sebbahi et al., 2014). In this
study, oxidation was employed to pre-treat the biomass and polymer precursors.
The generally procedure was as follows: a certain amount of the sample was put in
a horizontal tube furnace under flowing compressed air (50 mL/min). The

temperature was then increased from ambient to the desired temperature at a heating
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rate of 0.5 °C/min and was kept there for 6 hours after which it was cooled to room

temperature. The sample was collected and stored for further treatment.

2) Pre-compaction: the oxidized sample was mixed with 30 ml of KOH solution
with a pre-selected AC/KOH mass ratio for 24 h. These samples were then dried at
105 °C and ground into powder for pellet pressing. A 13-mm diameter evaluable
pellet die with 10 tons of maximum load were employed to compress the samples

into 1.5 mm thick pellets.
3.2 Characterization of samples

3.2.1 Textural properties

Gas adsorption techniques have been widely used to measure the textural properties
of adsorbents. This method of analysis is based on the reversible physisorption of
gas molecules on a solid surface to obtain the equilibrium adsorption capacity of
gas as a function of pressure, and then with the help of theoretical models, the
related physical quantities such as surface area, pore volume and pore size
distribution can be calculated. Low temperature nitrogen adsorption method is
currently the the most widely used and understood method. In this study, the
micromeritics ASAP2020 system was employed to characterize the textural
properties of prepared samples. This method will be discussed in detail in this

section.
3.2.1.1 Classification of N2 sorption isotherms

According to the IUPAC (International Union of Pure and Applied Chemistry),
pores in solid materials can be divided into 3 types: micropores (smaller than 2 nm),
mesopores (2-50 nm) and macropores (>50 nm) (Sing et al., 1982). Adsorption
properties in the different pore types also vary. In micropores, the strong adsorption
potential derived from the interaction between the N> molecule and surface caused
by London Forces. Adsorption in micropores can be explained well by ‘micropore
filling mechanism (Brown et al., 2000). Mesopores have a significant influence on

the transport process of gas from the gas phase to micropores and capillary
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condensation will happen at relative high pressures (P/Po>0.4). As for macropores,
they are just considered as the transportation paths. This is because of the different
pore structures existing among materials. The adsorption isotherms obtained from
different materials showed different shapes. Thousands of adsorption isotherms
have been categorized into 6 classes (I to VI) by Brunauer, Deming, Teller and Sing,

as shown in Figure 3.1a (Brunauer et al., 1940; Gregg et al., 1983).
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Figure 3.1 Classification of N2 sorption isotherms (Kumar et al., 2016)
Type-I isotherms are normally observed in porous carbon materials and zeolites that

have a micropore domain structure as well as high surface area. It can be seen from
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the Figure 3.1 that a sharp uptake occurs at low relative pressure typically <0.1,
followed by a horizontal plateau at high relative pressures. However, when the
pressure almost reaches saturated vapour pressure, adsorption isotherm quickly
increases (dotted line) because of adsorption in macropores created by the gap

between particles such as the N> adsorption on non-porous metal oxide.

Type II isotherms exhibit multiple-layer gas adsorption on non-porous materials
falling into this category. When the relative pressure is increased to about 0.3, the
first adsorbed layer is almost completed. With the further increase of relative
pressure, a second layer adsorption begins and in theory infinite layer adsorption

could happen at saturated vapor pressure.

Type III isotherms only happens when the interaction between adsorbent and
adsorbate is much weaker than the intermolecular force of adsorbate. At low partial
pressures, the adsorbate molecule is only adsorbed around the active site on the
surface, which will become the preferential place for more molecules as pressure
increased. Unlike type-II isotherms, some sites on the surface have already reached

multilayer adsorption while single layer adsorption on other sites is still taking place.

Porous materials with mesopores and macropores exhibit type IV isotherm
behaviour. At relative high partial pressures (P/P0>0.4), hysteresis loop started to
emerge, which is associated with the filling and emptying of mesopores due to the
capillary condensation. Based on the shape of hysteresis loops, de Boer divided into
four classes (H1-H4) as shown in Figure 3.1. Type H1 is due to open-at-both-ends
cylindrical pores; type-H2 is due to slit pores; type-H3 is because of open-at-both-
ends wedge-shaped pores; type-H4 is because of inkpot-like pores (Everett et al.,
1958).

Type V isotherms are like type-III isotherm. Type V isotherms also exhibit weak
adsorbent-adsorbate interaction force. At high relative pressure, type V isotherms

also show hysteresis loop, which is associated with mesopores.
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Type VI isotherms are also called step-wise isotherms and is associated with layer-
by-layer adsorption on a highly uniform surface, for example, the adsorption of

krypton on clean metal surface.
3.2.1.2 Assessment of surface area

Many adsorption methods like Langmuir adsorption theory, Brunauer-Emmett-
Teller (BET) adsorption model have been used to calculate the surface area of
materials (Brunauer etla., 1938). Unlike Langmuir, which could only describe Type
I isotherm, the BET model which extends to multilayer adsorption isotherms is
widely used to calculate the specific surface area of materials, based on the

assumptions as follows:

1) Gas molecules are physically adsorbed on materials in multilayers and no
intermolecular radial interaction exists.

2) There was no interaction between each adsorption layer.

3) The Langmuir model can be applied to each layer and the heat of adsorption of

each layer is equal to the heat of liquefaction except the first layer.

When the pressure was lower than the saturated pressure. 1,2, 3, «=---* , 1adsorbate

molecules were adsorbed on the surface and the surface area fraction of i molecule
was labelled as ©;. Therefore, the total adsorption capacity of each layer can be

calculated as follows:
N =Ny, X206, (3.1)

As for the i layer, if the percentage of occupied surface area was O, the percentage
of uncovered area was 6.1, ©; + Oi.; was equal to 1. According to Langmuir model,
the adsorption rate of adsorbate molecules to form the i adsorption layer was the

same as the desorption rate of adsorbate molecules of i™" adsorption layer:

! —E;
a;P8;_; = a;08;exp(—) (3.2)
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Where E; was the heat of adsorption of the i layer. In order to simplify the
calculation, when i >1, E; was equal to heat of condensation (Ei) and all layers had

the same value:

Ey=E; =---=Ei= | (3.3)
G
==t (3.4)

Based on Equation 3.1-3.4, the adsorption capacity n can be obtained:

n =y, 2z (3.5)
1+Zi=0 ixt
Where,
_F —E
X—gexp(RT) (3.6)
= 49 Er-Ey
c="% exp (22) (3.7)
So, Equation 3.5 can be converted into:
n Cx

L S— (3.8)

Nm = (1—x)(1—x+Cx)
As for Equation 3.6, when P=Py, x=1. So Equation 3.8 can be converted into:

P/Po  _ 1 C1 P
V(1-P/Py)  VmC  VpmC Py

(3.9)

Where, V, is the volume of gas needed for single layer coverage on surface, V' is
the adsorption capacity at pressure P. Vi, could be calculated based on the equation

above. So the total surface area of the sample could be calculated as follows:

Vi

S=—" 1.4 (3.10)

Vol

Therefore, the specific surface area of porous materials is
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Where, Vo 1s the volume of 1 mole nitrogen under standard condition (mL), L is
Avogadro’s number, A is the equivalent cross-sectional area (m?/g), and m is the

mass of adsorbate (g).
3.2.1.3 Assessment of micropore volume and total pore volume

The t-plot method transforms the adsorption isotherm (capacity N vs relative
pressure P/Py) into a t-plot curve, where the adsorption N is replotted against the
multilayer thickness as a function of relative pressure P/Py (Lippens et al., 1965).

Based on the BET method, the adsorption layer could be calculated as follows:

_ v _ C-P/P,
N= Vin  (1=P/P)[1+(C-1)P/P, (3.12)

If C is a constant,
N=fc (P/Py) (3.13)

If the thickness of single layer is #, the total thickness could be t=tw fc (P/Py). 1If
the porous material contains micropores, the t-plot curve was a polyline that possess
an initial linear region with a high slope related to the adsorption in micropores,
followed by a linear multilayer section with low slope. As for microporous materials,
the adsorption capacity of nitrogen (V) obtained by the extension of linear
multilayer section to y-axis result from micropores, so the microporosity could be

calculated:
Vinico = 0.001546V (3.14)

The pores are fully filled by adsorbate at relative pressure of 1 with the adsorption
capacity of M, and density of adsorbate in liquid (d), which has been proved by
Gurvisch Law that all adsorbate adsorbed in pores at saturate pressure was in the

form of a liquid. So, the total pore volume could be calculated: V=M,/d
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3.2.1.4 Pore size distribution

Macroscopic thermodynamic methods were limited by their suitability for the
whole range of pore size distributions and accuracy. For instance, Dubinin—
Radushkevich (DR) or Horvath-Kawazoe (HK) models were only suitable for
micropore distributions, while Barrett-Joyner-Halenda (BJH) model could be only
used for mesopores. In comparison, density functional theory (DFT) supplies a
more rigorous analysis since it is based on the fundamental principles of statistical
mechanics. However, the difficulty is to build up the right description of the fluid-
fluid interaction. So, non-local density functional theory (NLDFT) that describes
the behavior of fluid in pores from a molecular level as well as correlating the
properties of adsorbate with their adsorption behavior in pores with different pore
size were employed. The NLDFT method can generate a series of simulated
isotherms, which can be correlated with experimental isotherms by Generalised

Adsorption Isotherm (GAI) equation, allowing for calculations of pore size

distributions. (Smith et al., 1994).
N(P/Po) = [ p(P/Py,)f (r)dr (3.15)

Where, rmax and rmin are the minimum and maximum pore width, respectively,
p(P/Po,r) is the density of nitrogen in pores with pore width r at relative pressure
P/Py. f(r) is the pore size distribution function. The PSD can be obtained by solving
the GAI equation. In the ASAP 2020 system, the SAIEUS (Solution of Adsorption
Integral Equation Using Splines) program was used to calculate the pore size
distribution (PSD) of these materials from adsorption isotherms using an NLDFT
model based on the following critical elements. A Kernel was used to describe the
adsorption isotherms as a function of the pore size and pressure; a regularization
method using non-negativity constraints combined with optimally minimizing the
second derivative of the calculated distribution via the L-curve method were also

employed.

In addition, the NLDFT method was also applied to CO, adsorption isotherm at 0 °C

so the PSDs of ultra-micropores could be obtained. This because N2 molecules do not
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diffuse easily into ultra-micorpores. Therefore, the whole range of PSDs was

combination of N isotherms at -196 °C along with CO; isotherms at 0 °C.
3.2.2 Morphology

Scanning electron microscopy (SEM) is a kind of electron microscope that scans
the surface with a focused beam of electrons to produce a variety of signals
containing information about morphology of the structure. In SEM, an electron
beam with an energy between 0.2 keV to 40 keV, is emitted from an electron gun
fitted with a tungsten filament cathode and focused on a spherical area (diameter
0.4-5nm). Secondary electrons and backscattered electrons released due to the
interaction between accelerated electrons and sample surface are commonly used
for imaging samples but reveal different information. Secondary electrons can
effectively show the morphology of samples while backscattered electrons
determine the contrast between areas with different chemical compositions. SEM
can generate high quality images of a sample with the magnification ranging from
20X to 30000X. The incident high energy beam excites an electron in inner shell
and the hole left will then be filled by the electron from outer shell. The movement
of electron emits energy in the form of X-ray, which differs depending on the atoms.
Based on the calculations of the X-ray signals, using Energy-Dispersive X-Ray
Spectroscopy (EDS), the composition of samples can be analysed qualitatively or

semi-quantitatively.

Transmission electron microscope (TEM) was also used to characterize the
structure of activated carbons. In typical TEM, a high-energy beam of electrons is
focused into a small, thin, coherent beam by using a condenser lens to shine through
the thin sample, part of which will be transmitted depending upon its thickness and
electron transparency. The objective lens converts the transmitted portion into an

image on phosphor screen or charge coupled device (CCD) camera.
3.2.3 Composition analysis

After activation, there are a certain amount of potassium and/or silica left in the

carbon lattice, so X-ray fluorescence spectroscopy (XRF) was used to measure the
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content of those elements and X-ray diffraction (XRD) was employed to show the

microcrystalline structure for the activated carbons.

The fundamental principles of XRF are similar to other instruments like the
aforementioned EDS, which depends on the interaction between electron beams
and X-ray with sample. XRF is suitable for the measurement of major elements (Si,
Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) and trace elements like Ba, Ce, Co, Cr, Cu, Ga,
La, Nb, Ni, Rb, Sc, Sr, Rh, U, V,'Y, Zr, Zn in the abundance >1 ppm. The procedure
is as follows: The X-ray beam produced by a Rh target excites the sample, in return,
the excited sample emits X-ray along a spectrum of wavelengths characteristic of
the types of atoms present in the sample, which is measured by detectors, such as
flow counter or scintillation detector. The intensity of the energy measured is

proportional to the abundance of the element in the sample.

XRD is based on constructive interference of monochromatic X-rays produced a
cathode ray tube and a crystalline sample. The constructive interference can only
be generated if the conditions of the Bragg’s Law (m=2d sin 0) is met. This law
correlates the wavelength of electromagnetic radiation to the diffraction angle and
the lattice spacing in a crystalline sample. By scanning the sample through a range
of all the diffracted X-rays the d-spacing can be determined. Because different
crystalline materials have unique d-spacings, their structure can be identified by

comparing the d-spacing with standard reference patterns.
3.2.4 Surface chemistry

X-ray photoelectron spectroscopy (XPS) has been widely used to characterize the
surface chemistry of materials including their elemental composition, chemical
state and the electronic state of the elements present (Van der Heide et al., 2011). A
beam of X-rays focused on the surface of the material results in atomic absorption
of the X-ray photon which ejects an electron. The kinetic energy of the electron
relates to the photon energy and binding energy of electron. The number of
electrons that escape from the surface are measured by XPS under ultrahigh vacuum
conditions. Because the energy of X-rays is known, so the binding energy could be

calculated by the following equation:
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BE = hl)-K.E.-¢spec (3 1 6)

Where, B.E. is binding energy, hv is the energy of the X-rays used, K.E. is the
kinetic energy of electron and ¢@pec is the work function of the analyzer. The surface
chemistry of material can be deduced by the photoelectron spectrum (the number
of electrons detected vs binding energy). The binding energy can be used to identify
the chemical elements on surface while the proportion of the peaks area can be used
to calculate the composition. The same atom in different functional groups showed
different binding energies, so the peak of some elements like nitrogen could be de-

convoluted into several sub-peaks.

In this study, the X-ray photoelectron spectroscopy measurements were performed
using a Kratos AXIS Ultra DLD instrument. Samples were mounted on the standard
Kratos sample bar using double sided tape, (sellotape brand) these were inserted
into the airlock and pumped down to ~ 3 x 107 Torr overnight before being
transferred into the instrument analysis chamber. The analysis chamber pressure

during the measurements was lower than 5 x 10 Torr.

Wide energy range survey scans were collected using pass energy 80eV in hybrid
slot lens mode with a step size of 0.5 eV. High resolution data on the elemental
photoelectron peaks was collected at pass energy 20 eV over energy ranges suitable
for each peak, with a collection time of 5 minutes and step sizes of 0.1 eV. The
charge neutraliser filament was used to prevent sample charging over the irradiated
area. The X-ray source was a mono-chromated Al k alpha emission, run at 10mA
and 12kV (120W). The data was recorded using Kratos VISIONII software and
exported into vms format for data processing with CASAXPS (Version 2.3.17)

3.3 CO; adsorption

3.3.1 CO; adsorption isotherms

CO; adsorption isotherms of samples at 0 °C and 25 °C at varying relative pressures

were also measured using volumetric analysis (Micromeritics ASAP 2420).
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Modelling of adsorption isotherms
Langmuir model

The Langmuir model describe the relationship between the surface coverage of the
adsorbed gas and the gas pressure above the surface at a fixed temperature based

on the assumption as follows (Masel et al., 1996):

1) the adsorption sites on the surface are fixed, all of which have the same shape
and size; 2) only one gaseous molecule can be adsorbed by each site and the heat
released is constant during the process; 3) dynamic equilibrium between the gas

phase and the gas adsorbed will be established.

Based on those consumptions, the adsorption process can be treated as a chemical
reaction between adsorbate molecule A and empty site on the surface B and the
reaction produces an adsorbed complex AB with an associated equilibrium constant

K. for adsorption and Ky for desorption.
The reaction between gas and surface is shown in equation:

A(g) + B(s) I’j—d AB (3.17)
The equilibrium constant K is calculated based on the concentration of the reactant
and product

_ Ka _ [4B]
K= Kq  [Al[B] (3-18)

If the surface coverage 0 (Bmax =1) and pressure are introduced, the equation is

changed to

KP
0=—— (3.19)

In the Langmuir model, the adsorption on surface is a monolayer, so the coverage
can be calculated by the gas adsorbed at pressure P (q) and equilibrium adsorption

capacity qm, so the Langmuir equation is
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— = 2
m  1+KP (3-20)

Dual-Site Langmuir model

The Langmuir model assumes that all adsorption sites on the surface are the same
or the surface is homogeneous. Therefore, it is not suitable for heterogeneous
surfaces, such as heteroatom doped carbon surfaces. Considering the heterogeneity
of the prepared samples caused by surface modification, the dual-site Langmuir
model is a better model to fit CO, adsorption isotherms. On heterogeneous surfaces,
the adsorption energy of each site varies with the surface chemistry and structure.
Therefore, the gas will be adsorbed on the most favorable sites followed by less
favorable sites. In a simplified case, only two kinds of sites exist on the surface and
both of them can be modelled by the Langmuir equation (Koresh et al., 1983; Mason
et al., 2011). The dual-site Langmuir model is defined as:

_ _ AmaxPAP | QmaxbBP
9=9atab= " 5 T T (3.21)

Where the subscripts A and B represent two different adsorption sites. q is the molar
loading of adsorbate, and b is the adsorption equilibrium constants. The Dual-site
Langmuir equation has been widely used in CO> adsorption on porous materials

like activated carbon and MOFs.
3.3.2 CO; adsorption kinetics

In addition to adsorption capacity, the adsorption kinetics are also a key factor to
evaluate the performance of adsorbents. From kinetic analysis, information such as
adsorption rate and the residence time required will be obtained. This information
is helpful for adsorbent design and operation. Many theoretical models have been
developed to describe different kinds of adsorption processes. Among them,
pseudo-first order, pseudo-second order and the double-exponential model have

widely used to describe the adsorption process of solid adsorbents.
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1 pseudo-first order

If the concentration of one reactant is in a constant excess during the reaction, so
the reaction rate only depends on one of the two reactants. Lagergren’s first-order
rate equation is believed to be the earliest model used to describe adsorption rate

based on adsorption capacity and the equation is as follows (Qiu et al., 2009):

d
— = ky(qe — qr) (3.22)

Where qe and q; represents the equilibrium adsorption capacity and adsorption
capacity at time t respectively, and k; is the first-order rate constant. After the
equation above is integrated with the boundary conditions q=0 at t=0 and q=q; at

t=t, the equation could be converted to

In (L) = kyt 3.23
de—qt 1 ( )

And after rearrangement,
qr = q.(1—e™"15) (3.24)

2 pseudo-second order

In this model, the chemical reaction plays a key role in the rate-controlling step, the
rate controlling step is chemical adsorption. The pseudo-second order model is

expressed by the following equation (Qiu et al., 2009):

da,

— = k2(qe — q0)° (3.25)

Where K is the pseudo-second order rate constant. By integrating with the

boundary conditions, the equation takes the following form:

1 1
rETR ey +k,t (3.26)

Which can be rearranged to
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et = —T1T ¢ (3.27)
—2+_
k2qe de

3 double-exponential model

In some adsorption processs, the whole process can be divided into two steps: a fast
phase involving adsorbate surface diffusion, followed by a slow phase controlled
by the intraparticle diffusion, which is typically observed in CO; adsorption on
PEl/silica and lead or copper adsorption onto activated carbon. The equation is as

follows (Kondo et al., 2012):
M/Me. = As (1-exp (-kst)) + Aa (1-exp (-kat)) (3.28)

Where M; and M, represent the adsorption capacity at time t and equilibrium
adsorption capacity respectively. 4; and Ay are defined as the relative contribution
of surface and diffusion barriers, respectively, which control the overall adsorption
process, As + Aa =1. ks and kq are the corresponding surface and intraparticle

diffusion rate constants, respectively.
3.3.3 Thermogravimetric analysis

Thermogravimetric analyzer (Q500, TA instruments) has been also employed to
examine the CO, adsorption characteristics of the samples. Thermogravimetric
analysis is a thermal analysis method that measures the change in physical and
chemical properties of materials with increasing temperature or isothermally with
increasing time in a specified atmosphere. The operating temperature for the Q-500
ranges from ambient to 1000 °C, and has a temperature accuracy of £1 °C and

isothermal temperature precision of £0.1 °C.

The procedure is as follows: the sample (around 20 mg) was first dried at 120°C in
N> for 30 min before it was cooled down to 25 °C for CO; adsorption. The gas flow
is then switched from N> to the simulated flue gas (15% CO2 in N3) at the same

flow rate of 100 ml/min. Once the adsorption reached equilibrium at a given
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temperature, the sample was then heated up to 120 °C and held at this temperature
until complete desorption. Cyclic adsorption and desorption tests (up to 50 cycles)
were also conducted by TGA Q500 to study the stability and regenerability of the

samples.
3.3.4 Heat of adsorption

Thermogravimetry coupled with differential scanning calorimetry (TG-DSC) is an
ideal technique to evaluate the CO, adsorption performance on porous materials.
Differential scanning calorimetry (DSC) is a thermal analytical technique that can
qualitatively measure the amount of energy adsorbed or released by a sample in the
heating/cooling process or an adsorption process such as CO; adsorption on carbons.
The results obtained is a curve of heat flux versus time or temperature, the enthalpy
can be calculated by integrating the peak. The TG signal can also provide the
amount of CO> adsorbed. Based on this data, the heat of adsorption or desorption

per mole of CO;z can be calculated.

In addition, the heat of adsorption can also be calculated by the integral adsorption

heat values from the isosteric heat of adsorption. The equation is as follows:

Qine =[5 Qsedn (3.29)

Where, n is the equilibrium CO> adsorption capacity, Qs is the isosteric heat of
adsorption, which can be calculated by the Clausius-Clapeyron equation by using

adsorption data at different temperatures:

OlnP
Qu =Rl oln (1/T) ]q

(3.30)

R is the ideal gas constant and q is the CO; adsorption capacity at pressure P and

temperature T. The slope of the line between InP and In(1/T) is Qst.
3.4 Repeatability and reproductivity

Repeatability and reproductivity of prepared samples are very important parameters

to show the reliability of the measurement methods and the preparation methods.
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Considering the limited time on facilities, only selected samples for selected

facilities were repeated for the purpose of error analysis.

3.4.1 Repeatability of measurements

Repeatability describes the difference between the measured value and the real
value, including systematic and random errors. In this thesis, several instruments
were employed to characterize the adsorbents. Before use, all the instruments were
calibrated following the standard procedure to avoid systematic errors. The textural
properties and CO» adsorption performance of selected samples were repeated for
three times. For example, the textural properties of sample FC6003 was tested three
times. The maximum and minimum difference of BET surface area was only 50
m?/g and total pore volume, micropore volume and ultra-micropore volume were
gave a different of 0.004, 0.013, 0.013 cm?/g, respectively. As for adsorption
performance, sample HC-600-1, HC-600-0.3 and KC-700-1 listed in Table 3.2 were
tested for three times, which only gave a difference 0.047, 0.009 and 0.042,

respectively. It means that the measurement of samples was stable and reliable.

Table 3.1 Textural properties of sample FC6003 (repeated 3 times)

SBET 3 Vmicro Vmicro<1nm
Test NO. (m2 /g) Viotal (Cm / g) ( c m3 / g) (cm3 /g)
1 770 0.334 0.273 0.256
737 0.331 0.253 0.230
3 720 0.325 0.246 0.239

742424 0.330+0.004  0.257+0.013 0.242+0.013

Table 3.2 Adsorption capacities of selected samples at 0.15 bar and 25 °C
tested by TGA for 3 times

CO» adsorption capacity at 0.15 bar and 25 °C

Sample (mmol/g) Mean
1 2 3
HC-600-1 1.61 1.66 1.56 1.61+0.047
HC-600-0.3 1.42 1.40 1.41 1.41+0.009
KC-700-1 1.73 1.82 1.78 1.78+0.042
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3.4.2 Reproductivity of samples

In addition to repeatability, the reproductivity of samples prepared in this thesis
were also evaluated. Two batches of the rice husk derived carbon HC-600-2 were
prepared, it can be found from Table 3.3 that the textural properties of both samples
were almost the same. The difference of surface area was only 12 m%/g, the
micropore volume were same. In addition, three batches of PIR derived carbons
P61 2T and P81 2T were prepared and the adsorption capacity of sample from
different batch was listed in Table 3.4, which gave a difference 0.05 and 0.09,

respectively. Hence, it can say that the preparation method was reliable.

Table 3.3 Textural properties of sample HC-600-2

SBET Vmicro Vmicro<1nm
Sample Viotal (cm*/g)
(m?/g) (cm’/g) (cm’/g)
Batchl 1025 0.43 0.39 0.30
Batch 2 1037 0.44 0.39 0.33

Table 3.4 Adsorption capacities of selected samples at 0.15 bar tested by TGA

Adsorption
Sample Batch1  Batch2  Batch3

temperature
P61 2T 25°C 2.10 2.01 2.00 2.04+0.05
P81 2T 40 °C 2.22 2.10 2.30 2.21+£0.09
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Chapter 4 Renewable feedstocks derived
carbons with favorable surface chemistry

for CO; capture

4.1 Introduction

A variety of sources like biomass, coal, waste from consumption residue/industry
or synthesized polymers were used to prepare activated carbon. Among them,
biomass that are easy handling, diverse and renewable have increasingly become a
preferred feedstock for activated carbon production (Foo et al., 2012; Yahya et al.,
2015; Kan et al., 2015). In this chapter, the use of alkali intercalation via chemical
activation has been further developed as a novel methodology to produce highly
functional carbon-based CO; adsorbents using low-cost agricultural wastes, with a
particular focus on the agricultural waste of rice husk, which is produced at a scale
of 140 million tonnes a year worldwide (Kalderis et al., 2008). Owing to its very
low energy density on a volumetric dry basis (Chen et al., 2011), RH is usually
considered as waste that is often dumped on landfills or destroyed in agricultural
burning, although rice husk has been considered as a valuable alternative source for
silica production due to its high silica content. In recent years, there have been some
investigations into the use of rice husk to produce activated carbon materials for
variable general applications, and chemical activation typically with alkali
hydroxides or carbonates as being the activating agents has almost exclusively been
used typically following a three-step process, namely carbonisation and activation
followed by the removal of minerals by leaching (Gao et al., 2015;Yeletsky et al.,
2009; Zhang et al., 2014). However, to the best of our knowledge, no investigation
has ever been carried out to use rice husk to prepare alkali-intercalated ultra-
microporous materials for CO» adsorption by making the effective use of rice husk
contained silicon as a natural template for deriving ultra-microporosity and by
controlling the chemical activation to achieve alkali intercalation for further

enhanced CO; uptake.
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4.2 Experimental procedure

A batch of raw rice husk (RH) was sourced from China and used for the preparation
of activated carbon samples. The raw RH sample was first dried, crashed and sieved
into the particles in the range of 1.0-0.5mm. On a weight basis, the RH sample has
an ash content of 11.54% and contains 40.4% carbon, 5.70% hydrogen, 0.64%
nitrogen, and 41.72% oxygen. An innovative chemical activation protocol, which
can effectively facilitate the potassium intercalation during the activation process,
was used to prepare the RH activated carbon samples. 3g of as-prepared raw RH
sample was first physically mixed with activating agents at different mass ratios.
The mixture was then heated up in a purpose-designed carbonization/activation
furnace to different pre-set final temperatures at a heating rate of 5 °C/min in a
nitrogen flow of 1 L/min. Once the target temperature was reached, the sample
mixture was maintained at this temperature for 1h before it was cooled down in N>
to ambient conditions. To yield the final bio-carbon products, the mixture was
removed from the activation furnace and washed till neutral with excessive
quantities of de-ionized water (typically three times with 200 mL water). It was
found that at the KOH/RH ratio of 1.0, the carbon yield ranged from 25% wt% at
600 °C, 20 wt% at 700 °C to 15 wt% at 800 °C. For activation with K,CO3, the yield
is slightly higher by an average of 2 wt% than for KOH activation under the same
conditions. For the convenience of subsequent discussion, the carbons obtained
from KOH and K>COj activation under different conditions are labelled as HC-X-
Y and KC-X-Y respectively, where X represents the activation temperature and Y
stands for the KOH / RH or K>2CO3/RH mass ratios. The heat of adsorption in this
chapter was measured by ATG-DSC instrument (Setaram SENSYS evo).

4.3 Results and Discussion

4.3.1 XRD and XRF characterisation

Fig. 4.1 shows the XRD pattern of the microcrystalline structure for the activated
RH carbon samples obtained with different activation conditions. The broad and

diffused peaks of the XRD profile demonstrate the disordered, amorphous
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structures of the carbons. Two broad characteristic peaks were observed, one
centred at around 25°, which corresponds to the (002) set of planes usually used to
assess the pseudo graphic interlayer spacing and another at around 43°,
corresponding to the microcrystalline lateral dimensions of (100) planes,
respectively (Li et al., 2012; Wang et al., 2009). It seems that at the activation
temperature of 600 °C, increasing the KOH/RH mass ratio from 0.1 to 2 inflicted
insignificant structural alterations in general, despite the minor broadening
observed for the (002) peak and the slightly increased 100 peak corresponding to
the lateral dimension of graphitic crystallites. However, the effect of the activation
temperature was found to be significantly greater. It was found that when the
activation temperature increased from 600 to 800 °C at a given KOH/RH mass ratio,
the (002) peak became increasingly broader and weaker or even disappeared whilst
the (100) peak remained relatively constant. This suggests that the enhanced
activation at higher activation temperatures led to the collapse of interlayer
structures and hence made the carbon microcrystalline structures more single-
layered (Meng et al., 2014), giving rise to larger surface areas of the carbon as
shown in next section. Similar relationship between the disappearance of (002) peak

and surface area of carbons was also obtained by Yang et al (2002).
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Figure 4.1 XRD patterns of RH carbons samples from different activation
conditions: (a) samples prepared with different KOH/RH ratio at 600 °C;
samples prepared with KOH/RH=1 at different temperatures

Table 4.1 shows the results of XRF analysis of the residual silica and potassium
present in the RH carbon samples. As expected, the silicon content of the carbon
decreased sharply with increasing KOH or K>CO3 to RH mass ratio used in the
activation process, with most of the RH carbons prepared with high KOH or K,CO3
mass ratios (>1) having silicon contents below 2wt%. The residual silicon may
occur either as unreacted silica or trapped silicates that are hard to be removed.
Interestingly, the amount of potassium surviving the same excessive post-activation
washing process was found to be disproportionately larger for all the carbon
samples, varying from 5 to 12 wt% which was about 3~16 times the content of silica
for different samples. This sharp contrast is a strong suggestion of the different
transformational pathways of the potassium present in the activating agents and the
natural silica in the rice husks, and it is believed that a significant proportion of the
potassium is intercalated deep into the carbon framework formed in the activation
process and is hard to be removed with the excessive washing process. Compared
to our previous results reported for phenolic resin beads (Liu et al., 2015), the
occurrence of potassium intercalation appears to be significantly more pronounced
during the chemical activation of RH carbons, being indicative of the prominent

role of the RH-contained inherent silica.
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Table 4.1 Chemical analysis by XRF of RH carbons

Sample K, wt% Si, wt%  Sample K, wt% Si, wt%
Raw 0.74 17.51 KC-600-1 13.49 5.46
HC-600-0.1 10.82 9.65  KC-700-0.1 847  8.86
HC-600-0.5 12.12 4.56 KC-700-1 1235 244
HC-600-1  9.63 2.42 KC-700-2 478  1.84
HC-600-2  6.75 1.41 KC-700-3  6.74  1.75
HC-600-3  11.28 1.86 KC-800-1  7.43 1.42
HC-700-1  9.85 1.29
HC-700-2  6.15 0.89
HC-800-1  5.36 1.30

4.3.2 Textural properties of RH-derived carbons

Figure 4.2 shows the N, adsorption isotherms of the carbon samples prepared from
the protocol of KOH activation under relatively mild conditions with the activation
temperatures varying from 600 to 800 °C and RH/KOH mass ratios from as low as
0.5 to a maximum of 3. It can be seen that the adsorption isotherms of all RH-
derived carbons were highly characterized by the large sharp uptake observed at
low relative pressures typically < 0.1 followed by virtually horizontal plateaus at
high relative pressures, this indicating the extraordinary microporosity of the RH
carbons. Hysteresis at high relative pressures, which is indicative of the presence of
mesoporosity, was only observed for two samples prepared from using either very
low RH/KOH mass ratios or higher activation temperatures (HC-600-0.5 and HC-
800-1). Compared to KOH-activated RH carbons, however, most of the
K>COs—activated carbons showed type IV isotherms with sloped plateaus at low
relative pressures followed by variable significant amounts of hysteresis at higher
relative pressures, being indicative of the wider pore size distributions ranging from
micro to mesoporous structures in the K>COzs-activated carbons. The hysteresis in
the isotherms of K>COs-activated carbons was similar to that in type H4 isotherm,

which means that the mesopores were narrow slit-like pores (Sing, 1985). This kind
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of pores were always found in materials with internal voids of irregular shape and

broad size distribution (Sing, 1985).
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Figure 4.2 N: adsorption isotherms obtained at -196 °C for RH-derived
carbons from different chemical activation protocols: (a) samples prepared
with KOH/RH=1 at different temperatures; (b) samples prepared with
different KOH/RH ratio at 600 °C; (c) samples prepared with K2CO3/RH=1 at
different temperatures; (b) samples prepared with different K:2CO3/RH ratio
at 700 °C
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Figure 4.2 N: adsorption isotherms obtained at -196 °C for RH-derived
carbons from different chemical activation protocols: (a) samples prepared
with KOH/RH=1 at different temperatures; (b) samples prepared with
different KOH/RH ratio at 600 °C; (c) samples prepared with K2CO3/RH=1 at
different temperatures; (b) samples prepared with different K2CO3/RH ratio
at 700 °C

-70 -



Table 4.2 summarizes the surface textural parameters obtained from the BET
measurements. It can be seen that the total pore volume and BET surface area
increased from 0.061 to 0.64 cm’/g and 89 to 1343 m?*/g, respectively when
KOH/RH mass ratio increased from 0.1 to 3 and the activation temperature from
600 to 800 °C. It is clear that the RH-derived carbons from the protocol of KOH
activation are extremely microporous, with the microporosity accounting for up to
95% of the total porosity. More importantly, the microporosity of the RH carbons,
as shown in Fig. 4.3, was found to consist mostly of ultra-micropores with pore
diameters centred on 0.36 and 0.55 nm, which represents 84% of total
microporosity for the carbon sample prepared at 600 °C with a KOH/RH mass ratio
of 1. Such well-defined ultra-microporosity with extremely narrow pore size
distributions obtained for the RH carbons can usually only be achieved with some
special metal organic frameworks (MOFs) built from a single small ligand (Nandi
et al., 2015) and the carbons derived from carefully selected costly precursors and

using cumbersome methodologies (Sethia et al., 2015).

Table 4.2 Specific surface areas, pore structure parameters of the bio-

carbons

SBET Vtotal Vmicro Vmicro< 1nm Vmicro< In Vmicro/

Sample
(m%g) (ecm’/g) (cm’/g) (cm’/g) m/Vmicro  Viotal

KOH—activated carbon

HC-600-0.1 89 0.061 0.029 0.018 62% 48%
HC-600-0.5 249 0.16 0.083 0.057 69% 52 9%
HC-600-1 536 0.24 0.19 0.16 84% 79 %
HC-600-2 1025 043 0.39 0.30 81% 95 %
HC-600-3 1303 0.52 0.47 0.34 72% 90 %
HC-700-1 976 0.39 0.33 0.26 79% 85 %
HC-700-2 1197  0.47 0.43 0.33 77% 91 %
HC-800-1 1343 0.64 0.49 0.30 61% 77 %
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SBET Viotal Vmicro Vmicro<inm Vmicro<in ~ Vmicro/
Sample
P (m¥g) (em¥g) (em¥g) (M) Vo  View
K>COs—activated carbon
KC-700-0.1 42 0.044 0.012 0.006 50% 27 %
KC-700-0.5 274 0.15 0.10 0.072 72% 67 %
KC-700-1 395 0.24 0.14 0.094 67% 58 %
KC-700-2 640 0.38 0.23 0.17 74% 61 %
KC-700-3 741 0.39 0.25 0.19 76% 64 %
KC-800-1 944 0.60 0.37 0.24 65% 62%
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Figure 4.3 NLDFT pore size distributions for RH samples from KOH

activation with different KOH/RH mass ratios at 600 °C

Figure 4.4 shows the effect of activation temperature and KOH/RH mass ratio on

the development of ultra-microporosity. It can be seen that the volume of ultra-

micropores increased both with the activation temperature and KOH/RH mass ratio,

indicating an enhanced activation effect. However, at a given KOH/RH mass ratio,

the ultra-micropore volume as a fraction of the total micropore volume decreased

with activation temperature whereas at a given activation temperature, the
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percentage of ultra-microporosity was found to decrease with an increase in
KOH/RH ratio up to 3.0. The decrease in the relative ultra-microporosity with
increasing severity of activation conditions was believed to be associated with the
formation of increasingly larger micropores with a broader size distribution, with

mesoporosity starting to emerge when the activation temperature was higher than

700°C (sample HC-700-1) as shown in Fig. 4.2
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Figure 4.4 Effect of activation temperatures and KOH/RH mass ratios on
ultra-microporosity of KOH-activated RH carbons: (a) effect of KOH/RH

weight ratio; (b) effect of temperature
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Compared to the KOH activation, the results shown in Table 4.2 and Fig. 4.2 show
that the RH carbons from the one-step K»COs3 activation, which can be considered
as part of KOH activation but can only take place at higher temperatures, were
found to be significantly less microporous owing to the formation of mesoporosity
that appears to become more pronounced with increasing activation temperatures.
The highest surface area was obtained at only 944 m?/g for the sample prepared at
the highest KoCOs; activation temperature (800°C) investigated. However, it is
noteworthy that despite the smaller ultra-micropore volumes, the relative ultra-
microporosities of the K,COs-activated RH carbons were overall comparable to
those of the carbons from the one-step KOH activation under similar conditions,
suggesting that the RH carbons obtained with KoCOj3 activation essentially exhibit
a distinct bimodal pore structure consisting mainly of two groups of porous
structures, namely the mesopores and the ultra-micropores below 1 nm in diameter.
However, as K2COj activation appears to favour the formation of mesoporosity at
a cost of microporosity, it can be reasonably envisaged that the RH carbons obtained
with K>CO;s activation will become increasingly mesoporous with increasing

activation temperatures and/or K>CO3/RH mass ratios, eventually leading to the

formation of mesoporous RH carbons (Sethia et al., 2015).
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(&
Figure 4.5 SEM images of raw RH (a) and its derived carbons from KOH and

K2COs activation (HC-600-1 (b-c); KC-700-1((d-e))) and TEM images of
sample HC6001 (f)-(g)

Figure 4.5 illustrates the SEM images of the raw RH and its derived carbon samples
from KOH and K>COs activations. It can be seen that despite the lower activation
temperature used, the carbon sample from the KOH activation shows a much more
developed porous structure than the KoCOzs-activated carbons, being consistent with

the above results obtained. In order to further understand the microporous structure
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of HC-600-1, transmission electron microscopic (TEM) imaging analysis were also
performed. As shown in Figure 4.5(f, g), slit-like ultra-micropores can be clearly
seen in the TEM images and the ultra-microporosity distributed across the porous

network skeleton.

4.3.3 The role of RH inherently contained silicon in ultra-microporosity

development

The formation of well-defined ultra-microporosity at such exceptionally high levels,
which has never been observed for any other carbon materials prepared with similar
methodologies (Yahya et al., 2015), is highly suggestive of other reactive element(s)
involved during the activation. RH is well known for its uniquely high contents of
silica (15-23 wt%) present in an inherent structural framework at molecular levels
and some of the silicon species are even chemically bonded to the functional groups
of the carbonaceous rice husk (Lanning, 1963; Freitas et al., 2007). During chemical
activation, these inherently present silicon species within the framework of rice
hulls can play a prominent in-situ template role in the development of the

exceptionally high levels of ultra-microporosity observed for the RH carbons.

Previous investigations have revealed that KOH activation of carbonaceous
materials for activated carbon production involves the following major chemical
reactions (4.1) to (4.8) (Marsh et al., 1984; Otowa et al., 1993) whereas K>CO3
activation only involves the reactions (4.5) to (4.8) and requires higher temperatures
to achieve high levels of activations (Addoun et al., 2002; Mckee et al., 1983). The
significance of individual reactions and hence the porous structures of resultant
activated carbons are determined by both the activation temperature and the amount
of KOH wused. In general, activation efficiency increases with increasing
KOH/carbon ratio and activation temperature in particular, due to the enhanced
chemical reactions and associated pore creating and widening effect. It is
noteworthy that the pore widening effect accelerates significantly with increasing
activation temperatures, because of the higher kinetic energy possessed by the melt

of KxCO3, K>0O and the vapour of metallic potassium at higher temperatures.
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2KOH — K>0 + H20 4.1)

C + H,0— CO + Ha (4.2)
CO + H,0— CO»+H> (4.3)
COz+ K20 — K>CO3 (4.4)
K>CO;3; — K20 + CO» (4.5)
CO»+C — 2CO (4.6)
C+K,0 — C-0-K +K (4.7)
C+K,0 — 2K + CO (4.8)

In general, the results obtained for the RH carbons agree well with previous findings.
However, compared to other biomass feedstocks free of silica, the following
additional pore-creating reactions (4.9~4.11) between the activating agents and RH-
contained silica also take place with varying significance, which provide additional
activation as the water-soluble silicates formed can easily be removed to free the
porosity during the washing process. The results present in Table 1 confirm the
removal of silicon as a result of the additional reactions during the chemical

activation process.

K20 + Si0; — K»Si103 (4.9)
2K20 + Si0; — K4SiOs (4.10)
K>CO3 + Si02 — K3Si103 + CO2 (4.11)
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Figure 4.6 Schematic diagram for the silicon-containing RH framework and
the pore-creating reactions of silicon with activating agents (a) and the
relationship between the ultra-micropore volume and the residual silicon
content of the carbons ()

These additional reactions were believed to be the main factors responsible for the
extraordinary ultra-microporous structures observed for the RH carbons, given the
inherent nano-scale distribution of the natural templating silica within the matrix of
rice husk (wang et al., 2012a). It is also reasonable to assume that the formation of
silicates may also help retain the resultant ultra-microporosity by weakening the
pore widening effect of further carbon reactions with the activating agents. Indeed,
a linear relationship as shown in Fig. 4.6(b) was observed between the volume of
ultra-micropores (<0.55nm) and the residual silicon contents of the RH carbons
(Table 4.2), showing that the micropore (<0.55nm) volume increases with the

increasing removal of residual silicon in the form of potassium silicates.
4.3.4 CO; adsorption properties of RH carbons
4.3.4.1 Static adsorption measurement

Fig. 4.7 shows the adsorption isotherms at 0 and 25 °C for the RH carbons prepared
from the one-step carbonization—activation with KOH under different conditions.
Clearly, the CO, uptake of the RH carbons was affected substantially by both the

activation temperature and the amount of activating agent used. At the given
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activation temperature of 600 °C, the results shown in Fig. 4.7(a, b) indicate that on
increasing the KOH/RH mass ratio from 0.1 to 2, the CO»> adsorption capacity
increased sharply from 2.35 and 1.88 mmol/g to 4.75 and 5.91 mmol/g at 0 and
25 °C and 1 bar CO; respectively, being consistent with the increased activation
efficiency and removal of RH-contained silica as shown in Table 2. However, a
further increase in KOH/RH ratio from 2:1 to 3:1 resulted in a significant decrease
in CO; uptake from 4.75 to 4.1mmol/g at 25°C and 1 bar, despite the continuous
increase in the porosity but clearly at a cost of ultra-microposity as a result of
enhanced pore widening effect (Table 4.2). A similar trend was also observed for
the effect of carbonisation and activation temperature (Fig. 4.7¢) on CO: uptake,
with the carbons prepared at 600 and 700 °C showing the best adsorption
performance in general. Of all the KOH-activated samples, the RH carbon (HC-
600-2) prepared at 600 °C with a KOH/RH ratio of 2:1 exhibited the highest
adsorption capacities of 5.91 and 4.75 mmol/g at 1 bar, and 2.96 and 2.0mmol/g at
0.15 bar CO; at the adsorption temperatures of 0 °C and 25 °C, respectively. A
comparison with other materials (Table 2.6) shows that the extraordinary CO>
uptakes of the RH carbons of this study at low CO> partial pressures represent the
one of the highest capacities ever reported for any carbon materials which are
usually prepared from cost-prohibitive precursors and sophisticated methodologies,
and exceed the performance of most MOF materials for post-combustion CO:
capture. Compared to KOH activation, however, the carbons obtained from the
integrated carbonisation and K>COj3 activation process appear to be generally less
effective in adsorbing CO» (Fig. 4.8), with the sample prepared at 800 °C (KC-800-
1) showing the highest CO; uptakes of 2.3 and 4.8 mmol/g at 0 °C and CO> partial
pressures of 0.15 and 1 bar COz, respectively.

For both KOH and K>COs activations, the adsorption isotherms also show that
samples prepared in relatively mild conditions often showed higher CO> uptake
capacities at low COz partial pressures up to 0.2 bar but exhibited lower capacities
in the higher pressure region, compared to the samples prepared in less mild
activation conditions (e.g. HC-600-1 vs HC-600-3; HC-600-1 vs HC-700-2 and
HC-800-1; and KC-700-1 vs KC-800-1), highlighting the differential effect of the
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surface textural and chemical properties on CO> uptake and related adsorption

mechanisms at different partial pressures.
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Figure 4.7 CO2 adsorption profiles at 0 and 25 °C for RH carbons from the one-
step carbonization-activation with KOH under different conditions. a: CO2
adsorption isotherms at 0 °C; b: CO: adsorption isotherms at 25 °C (c),
adsorption  isotherms at 0°C for carbons from  different
carbonization/activation temperatures (continued)
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Figure 4.7 CO2 adsorption profiles at 0 and 25 °C for RH carbons from the one-
step carbonization-activation with KOH under different conditions. a: CO2
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adsorption  isotherms at 0°C for carbons from  different
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4.3.4.2 Dynamic adsorption and cyclic adsorption/desorption measurement

Fig. 4.9 shows the adsorption characteristics and the cyclic adsorption/desorption
performance for selected samples, obtained from TGA at 25 °C and 0.15 bar CO»
(N2 balance). As shown in Fig. 4.9a, all the RH carbon samples demonstrate fast
CO> uptake in the simulated flue gas stream under the dynamic TGA conditions,
with their achieved equilibrium adsorption capacities being essentially identical to
those obtained under the static BET measurement conditions (Fig. 4.7b). A
remarkable equilibrium uptake capacity of 2.0mmol/g was obtained with the best-
performing HC-600-2 sample and 90% of the equilibrium capacity was achieved in
less than 2 minutes (Fig. 4.9a), while its stable and excellent reversible adsorption
performance was demonstrated by the cyclic life-time performance test results (Fig.
4.9b). It is also worth mentioning that the least activated HC-600-0.1 sample, which
has a surface area of only 89 m?/g and a micropore volume of 0.029 cm?/g, still
achieved an impressive adsorption capacity of 1.3 mmol/g, and this may indicate
the extraordinary role of the potentially unique surface chemistry of the RH carbons
that has rarely been seen for any other carbon materials. The above results highlight
the high adsorption capacity and desirable fast adsorption kinetics of the rice husk

derived carbons of this study.
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Figure 4.9 (a) the isothermal adsorption curve of selected RH carbons; (b) the
cyclic adsorption/desorption performance of the best-performing HC-600-2
sample: both under simulated flue gas conditions of 15% CO:2 and 85% N: at
25 °C for adsorption and 120 °C for desorption in N2 (continued)
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Figure 4.9 (a) the isothermal adsorption curve of selected RH carbons; (b) the
cyclic adsorption/desorption performance of the best-performing HC-600-2
sample: both under simulated flue gas conditions of 15% CO:2 and 85% N: at
25 °C for adsorption and 120 °C for desorption in N2

4.3.5 The role of surface textual and chemical properties on CO;

adsorption

The CO> uptake performance of the RH carbons prepared in different carbonisation
and activation conditions appears to have no direct links with the general surface
textural properties as shown in Table 4.2 and Fig. 4.2. For instance, the sample HC-
800-1, which had the largest surface area of 1343 m?/g with a total volume of 0.64
cm’/g (Table 4.2), had the lowest CO» uptakes of only 1.96mmol/g at 0°C and 0.15
bar CO2, while the sample HC-600-2 with a considerably lower surface area of 1025
m?/g and total pore volume of 0.43 ¢cm?/g had the remarkably higher capacity of
2.96mmol/g and the sample HC-500-1, which had the smallest surface area of only
470 m*/g and total pore volume of 0.22 cm?/g, had the capacity of 2.05mmol/gat
0 °C and 0.15 bar CO2.These results strongly suggest the unique pore size

distributions of the samples can be more relevant to the CO, uptake capacities.

Further examinations as shown in Fig. 4.10indicate that the CO» capture capacity

of'the RH carbons at the different adsorption temperatures and CO; partial pressures
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investigated is indeed only directly proportional to the volume of micropores
smaller than 1 nm. Therefore, carbonisation and activation conditions leading to
widened porous structures at a cost of fine microporosity (Table 4.2) will result in
a decrease in CO» uptake despite the induced further increase in surface area or total
pore volume. At a CO; partial pressure of 0.15 bar, the CO uptake capacity at 0 °C
was found to be almost linear with the volume of micropores smaller than 0.5 nm,
with a high correlation coefficient (R°) of 0.90 (Fig. 10a). Similar linear
relationships were also obtained at other adsorption temperatures and pressures,
while the unique pore size giving rise to the best correlation increased to 0.60 nm
at 0 °C and 1 bar (Fig. 10b, R’ = 0.98) but decreased significantly to 0.44 nm when
adsorption took place at 25 °C and 0.15 bar CO> (Fig. 9¢, R’ = 0.92), respectively.
It was also found that the coefficient of determination (R?) decreased sharply even
with a slight increase in the pore sizes identified (Fig. 10d). It is well known that
smaller micropores have higher adsorption potentials as a result of the superposition
of the stronger van der Waals force produced by the adjacent walls of smaller
micropores. While the above results further confirm the vital role of ultra-
microporosity (< Inm) on the CO; uptake, they are also highly suggestive of the
existence of a critical pore size distribution that essentially determines the overall
CO» uptake performance at specific adsorption temperatures and pressures, with the
critical pore size decreasing with increasing adsorption temperature and/or

decreasing CO; partial pressure.
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Figure 4.10 Relationship between CO: uptake and ultra-micropore volume of
RH carbons: (a) 0 °C, 0.15 bar COz; (b) 0°C, 1 bar; (c¢) 25°C, 0.15 bar CO2; (d)
the change of coefficient of determination R? with the increase of pore size

(continued)
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Figure 4.10 Relationship between CO: uptake and ultra-micropore volume of
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At 0.15 bar CO», the value of intercept derived from linear extrapolation, which
characterises the relative significance of surface chemical properties in CO:
adsorption, was obtained as 1.11mmol/g at 0°C and 1.00mmol/gat 25 °C. For
sample HC-600-2, this represents 37% and 50% of its CO uptake capacity at 0°C
and 25 °C and a CO» pressure of 0.15 bar, respectively. At 0 °C and 1 bar CO», the
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intercept increased to 1.89 mmol/g, accounting for 32% of the adsorption capacity
of HC-600-2. Clearly, the relative role of surface chemistry in CO2 adsorption is
even more significant for all other samples where the CO» uptake is lower due to
smaller ultra-microporosity. The use of surface modification via various
methodologies as a means to boost the adsorption capacity of carbon materials has
been the focus of many investigations over recent years, but with limited
improvements being achieved as shown in Table 2.6. The remarkable relative
contribution of surface chemistry as characterized by the large intercept obtained
for the RH carbons has never been observed in previous investigations where the
intercept of similar relationships was found to be near zero while the conclusions
on the role of surface chemistry were often ambiguous or contradictory (Zhang et

al., 2013; Meng et al., 2014; Presser et al., 2011; Wickramaratne et al., 2013a).

As the RH carbon is virtually nitrogen-free, it is believed that the excess adsorption
capacity of the RH carbons was linked with the presence of extra framework metal
(K") cations that were formed as a result of potassium intercalation achieved during
the KOH activation or K»COs activation (Liu et al., 2015). It has been well known
that extra-framework cations usually present in zeolitic materials can form strong
local electric fields that can polarize adsorbate molecules and hence provide either
additional active adsorption sites and/or enhance the interaction of the adsorbate
with the adsorption surface, with the magnitude of the effect determined by both
the charge density of the extra-framework ions and the electric quadrupole of
adsorbate (Liu et al., 2015; Zhao et al., 2012; Pirngruber et al., 2010). CO has a
very large electrical quadrupole moment, which is over three times higher than that
of N2 (-1.43+0.06 x103° Cm? vs —4.65£0.08x10*Cm?) (Raab et al., 1998),
implying that CO2 molecules can be preferentially polarised in an electrostatic field.
Therefore, the large excess CO adsorption capacity of the RH carbons, which could
not possibly be accounted for by their surface textural properties, could be
presumably owing to the strong preferential CO» polarisation by the extra-frame
work K' ions present in the framework of the RH carbons. It has been well
established that CO» polarisation in zeolitic materials gives rise to the formation of
various adsorption complexes, which range from bridged and unbridged complexes

with single and dual exposed ions to bent carbonate-like species, the latter also
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involving the participation of both the exposed ions and a lattice oxygen (Pirngruber
et al., 2010; Martin-Calvo et al., 2014). The great excess adsorption capacity or the
large y-axis intercepts observed for the RH carbons (Fig. 4.10) are clearly
attributable to the similar adsorption complexes formed via the similar adsorption
mechanisms. It appears that the presence of extra-framework K* ions particularly
benefit the CO, adsorption at high adsorption temperatures or low partial pressures,
with its contribution to the overall CO; uptake increased from ca. 37% to 50% when
adsorption temperature increased from 0 °C to 25 °C at 0.15 bar and from 32% to

37% when CO; pressure decreased from 1 to 0.15 bar at 0 °C.

Presumably, the formation of extra framework cations (K*®) is particularly
associated with the potassium intercalated into the carbon network structures during
activation, with the degree of potassium intercalation and hence the density of the
extra-framework ions determined by the activation conditions and resultant textural
properties of the carbons (Liu et al., 2015). The above results suggest that the
formation of extra-framework ions was considerably enhanced in the RH carbons,
potentially due to their exceedingly high ultra-microporosity that may expectedly

either increase potassium intercalation or stabilise the derived extra-framework ions.

The SEM-EDX element mapping obtained for the sample HC-600-2 (Fig. 4.11a)
reveals the extensive uniform spatial distribution of the intercalated potassium
species at microscopic scales, which is indicative of its high surface polarity, while
the characterizations by XPS (Fig. 4.11b) demonstrates the presence of potassium,
silicon, aluminium and calcium at varying quantities in different forms of entities.
The K2p spectrum for the potassium in the sample HC-600-2 exhibited two peaks
at 293.2 and 296.0 eV with an intensity ratio of 2:1 and a difference in binding
energy of 2.8 ev, which are characteristic of the spin-orbit-split doublet (K2p3,2 and
K2pi2) of surface potassium cations and oxides (Li et al., 2001; Moulder et al.,
1992) rather than carbonate species, which usually have their K2p3, peak at 292.2
eV (Shchukarev et al., 2004). Given the significantly enhanced and fully reversible
CO; adsorption, this suggests the formation of strongly bound potassium surface
complexes presumably in the form of O9-K3and/or extra-framework K™ cations.

The residual silicon compounds, which survived the excessive post-activation
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washing, have a Si2p spectrum comprising two peaks at the binding energies of
102.6ev and 103.8ev, which is indicative of the existence of X-type zeolitic
structures (Barr, 1983) and SiO; (Miller et al., 1985), respectively. The XPS
characterization also indicates the presence of trace quantities of alumina, which
had an Al2p peak at 74.6 eV that indicates the presence of X and/or Y-type zeolites
(Barr, 1983), and calcium species showing two Ca2p peaks at 351.2 and 347.7¢V,
which are suggestive of the existence of CaCOs3 (Stipp et al., 1991) and A-type
zeolitic entities (Pirngruber et al., 2010), respectively. XRF analysis conducted for
sample HC-600-2 show that sample contained 0.15 wt% Al, 0.57 wt% Ca in
addition to K and Si, confirming the existence of trace quantities of Al and Ca
bearing species. Given the unique distribution of silicon compounds in rice husk at
molecular levels, the above results reveals that part of the rice husk-contained
silicon was transformed to different forms of zeolitic entities incorporated into the
carbon networks, which essentially transformed the RH carbons to a type of zeolite-
carbon nanocomposite materials, whereas the alkali-metal zeolites are well known
for the abundance of extra-framework cations responsible for their usually strong

surface affinity to CO2 (Pirngruber et al., 2010).
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Figure 4.11 (a) SEM-EDX element mapping showing the spatial distribution
of potassium in HC-600-2; (b)-(f) XPS spectra of the major heteroatoms
identified in HC-600-2 (continued)
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Figure 4.11 (a) SEM-EDX element mapping showing the spatial distribution
of potassium in HC-600-2; (b)-(f) XPS spectra of the major heteroatoms
identified in HC-600-2

4.3.6 Heat of CO: adsorption of RH carbons

The heat or enthalpy of adsorption is an important parameter to indicate the surface
affinity of an adsorbent toward CO; and hence reflect the strength of their
interaction. Ideally, a suitable adsorbent for CO, capture should have a moderate
heat of adsorption to facilitate high CO> uptakes at low CO- partial pressures and/or
reasonable flue gas temperatures without energy-intensive flue gas deep cooling.
This is because too high a heat of adsorption can lead to increased energy
requirement for CO; desorption or sorbent regeneration whilst if the heat of
adsorption of a sorbent is too low (e.g. those of typical commercial carbons
(Himeno et al., 2005; Sethia et al., 2015; Zhang et al., 2013)), the sorbent will give
rise to unacceptably low CO uptakes at typical flue gas temperatures and CO>

partial pressures. Fig. 4.12 shows the heat of CO» adsorption measured by TG-DSC
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at 25 °C and a CO; partial pressure of 0.15 bar in N> for a selection of RH carbon
samples. The heat or enthalpy of adsorption is an important parameter to indicate
the surface of an adsorbent toward CO> and hence reflect the strength of their
interaction. The heat of adsorption for the RH carbons ranged from 32 to 38.4
kJ/mol and showed a decrease with increasing activation temperature and the ratio
of KOH or K>COs3 to RH (Fig. 4.12a), which corresponds well to the increased
porosity development and hence the increased role of surface textural properties in
adsorption. Though the measured adsorption heat by TG-DSC for the RH carbon
represents the average heat of adsorption rather than the isosteric heat of adsorption
used in prior studies, which is a function of surface coverage and usually calculated
from using adsorption isotherms, they are still considerably higher than those
reported for zeolite (Rege et al., 2000) and most MOFs (Sumida et al., 2011) and
virtually any other carbon materials (Himeno et al., 2005; Zhang et al., 2013; Sethia
et al., 2015) (e.g. Maxsorb and Norit R1 Extra (red bar), 17-25 kJ/mol (Himeno et
al., 2005)), being indicative of the strong interaction of the adsorbed CO> phase
with the surface. The observed strong linear increase of adsorption heat with
increase in the content of intercalated potassium (Fig. 4.12b) confirms the
significance of potassium intercalation in modifying the carbon surface chemistry
via the formation of highly polarising extra-framework K™ ions or zwitterion-like
structures. As shown in Fig. 4.12a and Table 2, the fact that the least activated
samples prepared under the mildest activation conditions (e.g. HC-600-0.1, HC-
600-0.5 and KC-600-1) was found to have the highest heat of adsorption further
reflects the strong surface inhomogeneity of the potassium-intercalated RH carbons
with incorporated zeolitic entities as revealed in Fig. 4.11. Further, compared to
previous findings, the large y-intercept of ca. 28 kJ/mol derived from the linear
relationship (Fig. 4.12b), presumably attributable to the non-electrostatic
interactions, also suggests that the micropore filling/capillary condensation in the
RH carbons could be significantly enhanced or the micropores filled to a higher

degree due to the extended effect of strong surface electrostatic forcing.
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Figure 4.12 (a) Specific heat of CO: adsorption measured by TG-DSC (flue
gases: 15% CO:2 + 85% N2; adsorption temperature: 25°C); (b) the

relationship between K content and adsorption heat.

4.4 Conclusions

Novel activated carbons with exceedingly high ultra-microporosity and strongly
modified surface chemistry in favour of CO> adsorption were prepared from the
abundant agricultural waste of rich husk, using a facile approach that essentially

integrated the carbonisation and simultaneous activation into a single one-step
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process. The synthesized bio-carbons have showed exceedingly high levels of ultra-
microporosity, owing to the unique templating role of the natural silicon species
contained within the RH molecular framework structures. A combination of high
ultra-microporosity and unique surface chemistries led to remarkable CO» uptake
capacities of up to 5.91 mmol/g at 0 °C and 1.0 bar and 2.0 mmol/g at 25 °C and a
CO3 partial pressure of 0.15 bar, which represent one of the highest CO» uptakes
ever reported for designer carbon and MOF materials. Taken with the exceptionally
high heat of adsorption, the unusually prominent role of surface chemistry in CO>
adsorption, which was responsible for up to 50% of total CO> uptake, were highly
indicative of the significantly enhanced formation of extra-framework potassium
ions leading to the extraordinary surface affinity to CO> observed for the RH
carbons. Characterisations by XPS and EDX elemental have demonstrated the
extensive uniform spatial distribution of the intercalated potassium at microscopic
scales and the existence of various types of zeolitic aluminosilicate entities
incorporated into the RH carbon frameworks, which essentially transformed the

carbons into potassium-intercalated zeolite-carbon composite materials.
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Chapter 5 Mechanochemical method to
boost the CO; adsorption capacity and

selectivity of bio-carbons

5.1 Introduction

In former chapter, rice husk, a typical low density biomass, was used as precursor
to prepare efficient CO; adsorbents, the highest uptake of sample HC-600-2 was 2
mmol/g. This was the highest adsorption capacity of bio-carbons or nitrogen free
carbons and competes well with polymer derived carbons. However, only sample
HC-600-2 could reach such a high uptake. The adsorption capacity of other samples
was lower than 1.5 mmol/g. Similarly, as reported in many papers, the highest
adsorption of activated carbon derived from biomass to date is about 1.3-1.5
mmol/g, much lower than polymer derived carbons. Hence, increasing the
adsorption capacity at low partial pressure is the key area of improvement. In this
section, a mechanical tabletting pretreatment approach as well as nitrogen-rich
additives was employed to modify the pore structure and surface chemistry of the

biomass in order to boost the adsorption capacity.
5.2 Experimental procedure

Dried rice husk was pre-oxidized at 200 °C for 6 hours in 50 ml/min of air flow.
The oxidized sample was mixed with 30 ml of KOH solution at a pre-set AC/KOH
mass ratio for 24 h impregnation. For nitrogen doping experiments, additives like
polyethylenimine (PEI) or polyisocyanurate (PIR) about 10 wt% of the sample was
also added into the KOH solution. These samples were then dried at 105 °C and
grinded into powder for pellet pressing. A 13 mm diameter evaluable pellet die with
10 tons of maximum load were employed to compress the samples into 1.5 mm
thick pellets. The activation process was carried out in horizontal tube furnace with
heating rate of 5 °C/min up to 700 °C in 1 L/min N> gas flow. This was kept under

these conditions for 1 h. After it was cooled down to room temperature, the sample
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was washed with distilled water until the pH became neutral. Activated samples

were then labelled in the Rx_y form, where the x indicates the load used and the y

represents the additives used. Sample R was the carbon prepared without

compaction.
5.3 Results and discussion

5.3.1 Textual properties
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Figure 5.1 N2 adsorption isotherms obtained at -196 °C: (a) sample prepared

with different compaction load;
compaction.

(b)samples with additives and sample without
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The nitrogen isotherms of the samples prepared under different conditions at 700 °C
are shown in Figure 5.1. The R samples display a type I sorption isotherm with
well-defined plateaus, indicating the microporous nature of the porous carbons.
When compaction was employed, hysteresis at high relative pressures (p/po> 0.4)
started to emerge, which is indicative of the presence of mesopores. The isotherms
of compacted samples showed type H3 isotherm and so, the mesopores in the
sample were slit-like pores formed by aggregation of plate-like particles (Sing,
1985), which was the direct proof of the compaction’s effect on porosity
development. With the increase of compaction load from 2 tons to 10 tons, the
nitrogen adsorption capacity of samples continues to rise, indicating the pore
volume and surface area are also increasing. The detailed textural properties of all

samples are listed in Table 5.1 and pore size distributions are shown in Figure 5.2.

It can be seen from Table 5.1 that pre-compaction is beneficial to the development
of porosity. The BET surface area and micropore volume increased from 976 m?/g
and 0.343 cm®/g to 1162 m?*/g and 0.403 cm®/g with the increasing load from 0 tons
to 10 tons. In comparison, additives are more effective in order to develop pores,
the surface area and micropore volume of sample R2T PEI and P2T PIR were
1190 m?/g, 0.422 cm®/g and 1218 m?*/g, 0.408 cm?/g respectively at 2 tons loading,
which was even higher than that of R10T without additives. Meanwhile, compared
to the microporosity domain structure of sample R, pre-compaction benefits the
development of micro-mesoporous structure, a large amount of mesopores
(accounting for about 50% of the total pore volume) were created and the total pore
volume could reach up to 1cm?®/g. The pore volume of pores smaller than a certain

diameter were calculated based on the cumulative pore volume curve.

The PSDs of all samples illustrated in Figure 5.2 showed that pre-compaction
without additives using different load did not change the microporous structure,
with the pore width mainly centered at 0.36 and 0.55 nm. However, with additives,
the pore diameters changed to 0.36 nm and 1nm for R2T PEI and only one peak
centered at 0.36 nm and continuously distributed pores between 0.5 nm and 2 nm

was observed for sample R2T PIR. As for the mesoporous distribution, most
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samples possess a continuous distribution while R2T PIR obtained relative high

peak centered at 10 nm.

Table 5.1 Specific surface areas, pore structures of prepared samples

Sample S (m2 / ) Vtotal Vmicro Vmicro<0.42nm Vmicro<0.7nm
p BETAMYE) (em¥g)  (em®/g) (em’/g) (cm®/g)
R 976 0.395 0.343 0.095 0.264
R2T 901 0.630 0.306 0.140 0.249
R7T 1037 0.645 0.358 0.140 0.310
R10T 1162 0.685 0.403 0.139 0.332
R2T PEI 1190 0.777 0.422 0.175 0.175
R2T PIR 1218 0.976 0.408 0.158 0.248
| RoT PIR
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Figure 5.2 PSDs of all prepared samples by NLDFT method
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(b)
Figure 5.3 SEM images of selected samples: (a) (b) sample R; (¢) (d) sample
R2T (continued)
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(d)

Figure 5.3 SEM images of selected samples: (a) (b) sample R; (¢) (d) sample
R2T

As shown in Figure 5.3a-b, the resulting sample R exhibits irregular morphology
with sharp edges and large cavities. However, the morphology of the samples
change dramatically with the introduction of pre-compaction. The compacted

sample showed a layer by layer structure with many cavities on the surface.
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5.3.2 CO; adsorption performance

The CO; isotherms of samples were investigated at 0 °C and 25 °C up to 1 bar
(Figure 5.4). Clearly, the CO> adsorption capacity was affected by the pre-
compaction and additives. At the given activation temperature of 700 °C, the CO»
uptake increased sharply from 5.28 and 3.88 mmol/g to 6.10 and 4.30 mmol/g at 0
and 25 °C at 1bar as the pre-compaction load increased from 2 tons to 10 tons.
Interestingly, the adding of 10 wt% PEI was more effective, the uptake of sample
P2T PEI could reach 6.80 and 4.50 mmol/g at 0 and 25 °C respectively at 1 bar,
which was the highest among all samples. In comparison, the uptake of the samples
without pre-compaction was about 5.50 and 4.20 mmol/g that was much lower than
samples R10T and R2T_PEIL It can be found that the adsorption capacity generally

followed the rank of micropore volume (see Table 5.1).
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Figure 5.4 CO: adsorption profiles: (a) CO: adsorption at 0 °C; (b) CO2
adsorption at 25 °C; (c) COz2 and N: isotherms of selected samples at 25 °C
(continued)
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Figure 5.4 CO: adsorption profiles: (a) CO:z adsorption at 0 °C; (b) CO2
adsorption at 25 °C; (c) COz and N: isotherms of selected samples at 25 °C
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Table 5.2 Selectivity of samples at 25 °C

CO; uptake (mmol/g) CO2/N; (ISAT)

Sample Initial slope ratios
298K, 0.15bar 15%C02/85%N2
R 1.55 24 56
R2T 1.68 36 170
R10T 1.80 32 121
R2T_PEI 1.90 30 115

However, the trend was different at low CO; partial pressure (0.15bar) which
corresponds to flue gas conditions. It was noteworthy that all samples with pre-
compaction obtained a higher CO; adsorption capacity (1.68-1.90 mmol/g) than the
sample without compaction, which was only 1.55 mmol/g at 0.15 bar and 25 °C.
The CO> adsorption capacity of sample R2T PEI could reach 1.90 mmol/g, which
was higher than many ‘designer’ carbons and MOFs and was amongst the highest
uptake ever reported (see Table 2.6). It can be seen that pre-compaction indeed
improved the CO: adsorption performance of samples derived from the same
precursor and preparation method especially at low partial pressure. But how pre-
compaction works is not clear, the improvement at 0.15 bar and 25 °C is not directly
correlated to micropore volume or ultra-micropore volume. For instance, sample
R2T PEI possessed the lowest ultra-micropore volume while the uptake was the
highest among all samples. As was reported, the CO; adsorption on carbon
materials can be depicted by a micropore filling mechanism rather than monolayer
adsorption (Zhang et al., 2013; Ashourirad et al., 2016). Meanwhile, the adsorption
potential increased with the decreasing pore size (Everett, et al., 1976), which
means there was a specific pore size which meets the minimum force needed to
keep CO> molecule in the pores under different conditions. So, the effect of pore
size on CO; adsorption at 0.15 bar and 25 °C was investigated, the CO» adsorption
capacity was found to be almost linear with the volume of micropores smaller than
0.42 nm (see Figure 5.5), which was consistent with the results reported in former
chapter. It is obvious that the pre-compaction and additives could effectively
increase the volume of micropore smaller than 0.42 nm from this work, which
increased from 0.095 to 0.140 cm?/g with pre-compaction only (2 tons to 10 tons)

and to 0.175 cm®/g when PEI was added to the samples.
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This could be a potential method to boost the CO> uptake especially at low partial
pressure of different precursors. However, ultra-micropore could not solely explain
the high CO; uptake of samples in this work. Sample R 2T, R 7T and R 10T have
similar volume of pores smaller than 0.42 nm while the CO; uptake at 0.15bar was
different, which means the surface chemistry might also contribute to the CO>
uptake. As was reported in the former chapter, potassium will intercalate into the
carbon lattice in the form of surface potassium groups during KOH activation and
remain in carbon lattice after water washing. Those have been proved to have
significant contribution to CO> adsorption capacity at low partial pressure. It seems
that pre-compaction changed the morphology of samples and kept more potassium
intercalated in carbon lattice. In addition, sample R2T PEI and R2T PIR also
possess nitrogen functionalities on carbon surface, which was 2 wt% and 0.5 wt%
respectively. However, despite the discrepancy of nitrogen content, both samples
have a similar adsorption capacity. Therefore, it is difficult to determine the direct
contribution of nitrogen on CO> capture, which is consistent with papers reported
by other research groups (Sun et al., 2013; Sevilla et al., 2013a; Zhang et al., 2013;
Kumar et al. 2015). Actually, ultra-microporosity of materials played a key role.
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Figure 5.5 Relationship between CO: uptake at 0.15 bar and 25 °C and ultra-
micropore volume of all samples prepared in this chapter

In order to study the surface affinity to CO> molecules, the isosteric heat of

adsorption (Qs) was calculated by using the Clausius—Clapeyron Equation.
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Considering the heterogeneity of the surface caused by potassium intercalation, the
dual-site Langmuir model was chosen to fit the CO; adsorption isotherms at 0 and
25 °C (Koresh et al., 1983; Mason et al., 2011). The plots of the Qg value as a
function of CO; adsorption capacity for selected samples are shown in Figure 5.6.
The initial Qs of the samples with pre-compaction at a CO; uptake level of 0.01
mmol/g range between 33-47 kJ/mol that is much higher than that of sample R (28
kJ/mol). The higher Qs value means a stronger interaction between CO, molecules
and the carbon surface. This means the treatment by pre-compaction enhanced the
interaction force between the carbon and the CO; molecules. In comparison, the
initial Qg of the sample R2T (47 kJ/mol) was much higher than most carbon
materials with similar or even higher ultra-micropore volumes, and/or with nitrogen
functionalities such as nitrogen-free carbon PAF-1-450 (27.8kJ/g) (Ben et al., 2012),
or a polymer derived carbon BIDC-0.5-700 (35.8 kJ/mol) with 17.6 wt% N
(Ashourirad et al., 2016), indicating that the significant improvement of the initial
Qs mainly comes from the unique surface chemistry. As for nitrogen-free samples,
potassium intercalation is the only surface heteroatom groups on carbon surface,
which means the potassium intercalation is responsible for the high initial Q.
However, nitrogen containing groups are not the key factor, which determine the

initial Qs, as the initial Qs; of P2T PEI and P2T PIR is lower than that of P2T.
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Figure 5.6 Isosteric heat of CO:2 adsorption on different samples calculated
from the adsorption isotherms at 0 and 25 °C
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In addition to the adsorption capacity, selectivity was also an important criterion to
help to identify the potential of prepared carbons for industrial applications. The
ideal adsorption solution theory (IAST) (Lu et al., 2011; Babarao et al., 2009; Zhao
et al., 2012) and Henry’s Law through the initial slopes of CO; and N> adsorption
isotherms (IS) (Hao et al., 2011; Chandra et al., 2012) were employed to calculate
the selectivity of the samples (see Table 5.2 and Figure 5.7). It can be found that the
tableted samples exhibit high IS selectivity (105-170) which is twice or even three
times that of sample without compaction (56). This was higher than that of most
carbon materials reported. For instance, well-designed mesoporous carbon
materials reported by Lee et al could reach very high selectivity (100 at 298K) while
the uptake was only 0.8 mmol/g at 1bar and rationally designed hierarchical N-
doped carbons exhibit high selectivity and uptake 124 and 1.72 mmol/g respectively.
In comparison, abundant agriculture waste rice husk derived carbons R2T (1.68
mmol/g, 170), R10T (1.80 mmol/g, 121) and R2T PEI(1.90 mmol/h, 115) achieved
equivalent or even higher performance than the “designer” carbons, proving
compaction could be an effective way to prepare high performance CO> adsorbents.
Such high IS selectivity indicates a strong surface affinity to CO2 molecule
compared to Ny at very low CO» coverage. In addition, the ideal adsorption solution
theory (IAST) selectivity (assuming a 0.15/0.85 mixture of CO2/N; at 1 bar) showed
a similar trend to IS selectivity (see Table 5.2). The discrepancy between the

Henry’s law and IAST values can be attributed to the adsorption site heterogeneity.
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Figure 5.7 CO2/N2 adsorption selectivity at 298 K based initial slope method:
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Figure 5.7 CO2/N: adsorption selectivity at 298 K based initial slope method:
(a) sample without compaction (b) sample R2T; (c) Sample R10T; (d) sample
R2T_PEI
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5.4 Conclusions

Activated carbons derived from tableted rice husk with high ultra-microporosity
and modified surface chemistry which favours CO» adsorption were prepared in
this chapter. Compared to samples without pre-treatment, the synthesized carbons
from pressed rice husk exhibited much higher ultra-microporosity especially in
pores smaller than 0.42 nm and in a large amount of mesopores. With the increase
of press load, both the surface area and micropore volume increased. In comparison,
the introduction of N-rich additives like PEI and PIR not only increased the
micropore volume and surface area but also changed the pore size distribution of
the synthesized carbons which favored CO: adsorption. The high ultra-
microporosity and unique surface chemistry of the samples with pre-treatment led
to exceedingly high CO; uptake up to 6.80 and 4.50 mmol/g at 0 and 25 °C at 1 bar
respectively and 1.90 mmol/g at 25 °C at a COz partial pressure of 0.15 bar. This
was much higher than samples without compaction and was one of the highest
uptake values ever reported for a designer carbon or MOF. In addition to high
adsorption capacity, the compacted samples showed a high IS CO2/N> selectivity
up to 170 at 25 °C as well as high isosteric heat of adsorption, which is attributed
to the prominent role of surface chemistry especially extra-framework potassium

ions leading to the increased surface affinity to CO».
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Chapter 6 Ultra-microporous carbon
foams for exceptional CO; adsorption and

separation from flue gas

6.1 Introduction

In addition to biomass, polymers have also been widely used as the precursors to
prepare activated carbon due to their rich and controllable surface functional groups
and adjustable porosity. In particular, nitrogen rich precursors with favorable
surface chemistry, nitrogen functionalities is increasingly gaining attention. Many
precursors like acrylonitrile, benzimidazole, polypyrrole, polyurethane and biomass
like bean dreg have been widely studied. It has been displayed by some papers that
the introduction of N containing groups into carbon materials increases the basicity
and delocalization of charge on carbon surface, which can enhance selective CO-
adsorption (Shen et al., 2013; Sivadas et al., 2016; Xing et al., 2012; Wang et al.,
2011) as well as the heat of adsorption (Sanchez-Sanchez et al., 2014; Sevilla et al.,
2011; Fan et al., 2013; Xing et al., 2012). In this chapter, we reported for the first
time the use of nitrogen-rich polyisocyanurate (PIR) as a single source precursor to
prepare highly porous and potassium, nitrogen co-doped carbon molecular sieves
that exhibited record high CO» uptake at low partial pressure and high selectivity
values among porous carbons via a one-step KOH activation protocol. The effect
of heteroatoms and pore structure on CO; adsorption at low partial pressure (0.10

bar and 0.15 bar) was studied.
6.2 Experiments

The PIR foam was firstly oxidised under flowing compressed air (50 ml/min) in a
horizontal tube furnace. The temperature was increased from ambient to 260 °C at
a heating rate of 0.5 °C/min and was kept there for 6 hours after which it was cooled
to room temperature. The oxidised foam was then mixed with 15 ml of KOH

solution with a certain amount of KOH for 24 hours before it was dried overnight
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in an oven at 60 °C. The dried samples were then put into the horizontal tube furnace
and were heated up in nitrogen atmosphere from ambient to the set temperature
(600-700 °C) at a heating rate of 5.0 °C/min and kept there for 1h. The samples were
collected after it had cooled to ambient temperature and washed until a neutral
filtrate was obtained. The washed samples were then dried overnight in an oven at
80 °C. For the convenience of subsequent discussion, the carbons activated by KOH
under different conditions are labelled as FCxy, where x and y represent activation

temperature and mass ratio between KOH and sample respectively.

6.3 Results and Discussion

6.3.1 Textual properties

—=—FC6001——FC7001
304 FC6003—+— FC7003

{ A FCO005——FCT005 e o ettt

AAAAAAA

PP PITT POy PeTOv w1

Quantity Adsorbed (mmol/g)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Figure 6.1 N2 isotherms at -196 °C of carbon foam samples prepared at
different KOH to foam weight ratio and temperatures

The nitrogen isotherms of the carbon samples prepared under relatively mild
activation with KOH/FC mass ratio from 1 to 5 at 600 and 700 °C are shown in
Figure 6.1. It can be seen that all the isotherms possess a sharp uptake at relative
pressure typically <0.1 followed by horizontal plateaus at high relative pressures,

indicating that the micropores are dominant in all samples. However, when the
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KOH/FC mass ratio was higher than 1 at different temperatures, hysteresis at high
relative pressures at p/po> 0.4 started to emerge, which is indication of the presence
of mesopores. Meanwhile, it can be found that the isotherms of sample FC6003,
FC6005 and FC7003 showed type H4 isotherm, indicating the mesopores in the

samples were narrow slit-like pores (Sing, 1985).

Table 6.1 Specific surface areas, pore structure parameters of polymer based

activated carbons

SBET Viotal Vmicro  Vimicro<0.7am XPS (wt%)
Sample
(m%/g) (cm’/g) (cm’/g) (cm®/g) ¢} N K

FC6001 502 0.194 0.182 0.182 13.61 4.68 4098
FC6003 770 0.334 0.273 0.256 16.20 429 582
FC6005 911 0.395 0.324 0.304 13.32 4.14 5.61
FC7001 773 0.298 0.282 0.255 12.87 1.77 6.45
FC7003 1992 0.794 0.713 0.435 12.55 1.01 5.03
FC7005 2207 0.876 0.829 0.336 9.14 143 4723

The textural parameters of these porous carbons are listed in Table 6.1. The pore
size distribution of FC samples and cumulative pore volume obtained by applying
NLDEFT method on their nitrogen isotherms at -196 °C and CO; isotherms at 0 °C
are shown in Figure 3. It can be seen that the total pore volume and BET surface
area increased from 0.194 to 0.878 cm®/g and 502 to 2207 m*/g, respectively when
KOH/FC mass ratio increased from 1 to 5 and the activation temperature from 600
to 700 °C. It is clear that all FC carbons are extremely microporous, with
microporosity accounting for 80~95% of the total porosity. Most importantly, as
shown in Figure 6.2 and Table 6.1, the micropores of samples prepared at 600 °C or
low KOH/FC ratio at 700 °C such as FC7001 consist mostly of ultra-micropores
with pore diameters centered on 0.36 and 0.55 nm, which account for over 77% of
the total pore volume with the ultra-micropore volume reaching up to 0.304 cm?®/g.
Note that sample FC6001 possesses an ultra-micropore volume of 0.182 cm?/g,
which constitutes a remarkable 100% of micropore volume and 94% of the total

pore volume, with almost all the pores centered at around 0.4 nm. This sample can
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be considered as a high quality ultra-microporous carbon molecular sieve with a
pore size around 0.4nm. Such ordered microporous structure could only be found
in zeolites and MOFs built from using a single small ligand (Shekhah et al., 2014;
Wilson et al., 1982). However, with an increase in KOH/FC mass ratio at 700 °C,
pores with diameter centered on 1.2 nm emerged and quickly escalated, which could
reach 60% of the total micropore volume for sample FC7005. The cumulative pore
volume curve of the samples activated at 700 °C reveals that the pores centered at
0.4 nm continuously decreased while those centered at 0.55 and 1.1 nm increased
in intensity with the KOH/FC mass ratio, indicating the change of microporosity at
700 °C was caused by pore widening effect. In addition, it can be found that the rest
of pores in FC carbons are continuously distributed mesopores. Although
mesopores or macrospores have marginal contribution to adsorption capacity, they
are still play an important role on the enhancement of the CO> adsorption rate

(Balsamo et al 2013, Wahby et al 2010).
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Figure 6.2 NLDFT pore size distributions for FC samples: (a) PSDs of samples
prepared at 600 °C; (b) PSDs of samples prepared at 700 °C (c¢) cumulative
pore volume vs pore size of all samples (continued)
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Figure 6.2 NLDFT pore size distributions for FC samples: (a) PSDs of samples
prepared at 600 °C; (b) PSDs of samples prepared at 700 °C (c¢) cumulative
pore volume vs pore size of all samples (continued)

Figure 6.3 illustrates the SEM images of sample FC7001 and FC7003. It can be
seen that the samples have honeycomb-like structure, there are many cell-like units
existing. With the increase in KOH/AC ratio, the carbon sample shows a much more

developed porous structure, being consistent with the results shown in Table 6.1.
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Figure 6.3 SEM Images of FC7001 (a, b) and of FC7003 (¢, d) (continued)
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Figure 6.3 SEM Images of FC7001 (a, ¢) and of FC7003 (b, d)

6.3.2 Chemical components of the prepared samples

The X-ray photoelectron spectroscopy (XPS) was employed to investigate the
surface functional groups of FC based samples prepared under different conditions.

The XPS survey spectra presented four distinct peaks that were related to carbon,
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potassium, nitrogen and oxygen respectively. The corresponding nitrogen, carbon
and potassium containing functional forms of chosen sample FC6001 are shown in
Figure 6.4 a-b. The Cls peaks are dominated by C-C bond in the form of diamond
or graphite at 284.8 ev. The peaks also show the presence of a small amount of C-
O/C=N (286.2ev), C-N/C=0 (287.8ev) and O-C=0O/N-C=0 (289.0ev) (Gu et al.,
2013; Liu et al., 2014), which can be attributed to the existence of O and N
functional groups. The N1s signal could be deconvoluted into 6 components. The
corresponding binding energies of 398.4, 400.1, 401.2 and 403.2ev were ascribed
to pyridine-type nitrogen (N-6), pyridonic (N-5), quaternary (N-Q) and N-oxides of
pyridinic N-6 (N-O) respectively (Sevilla et al., 2013; Gu et al., 2013; Sethia et al.,
2015; Sevilla et al., 2011). In addition, it should also be noticed that there were two
kinds of peaks at high binding energy between 405.5 ev and 407 ev existing in all
samples, which indicates that the nitrogen is in the form of -NO» (405.5ev) and —
NOs3 (407.0ev), likely due to the oxidizing condition (Beard et al., 1990; Zheng et
al., 1997; Adenier et al., 2005).

0-C=0/N-C=0

C=0/C-N

/A

LI ] It U I | ) PR | l L T I T 1 1 I T T l l T T T ] T T T [ T T T ] T T T l 'v‘ T T
300 296 292 288 284 280 412 408 404 400 396
Binding Energy (eV) Binding Energy (eV)

(a) (b)
Figure 6.4 (a) Cls and (b) N1s and spectra for FC6001; (c) the amount of
nitrogen containing groups in samples; (d) relative proportion of different
nitrogen containing groups in samples (continued)
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Figure 6.4 (a) Cls and (b) N1s and spectra for FC6001; (¢) the amount of
nitrogen containing groups in samples; (d) relative proportion of different
nitrogen containing groups in samples

The different N-containing groups were quantitatively characterized by XPS and
the results are illustrated in Table 6.1 and Figure 6.4. It can be found that the
nitrogen content decreases with the activation temperature and the KOH/FC mass
ratio. At 600°C, the nitrogen content decreased noticeably when the mass ratio of
KOH/FC was raised from 1 to 5 °C with the change in nitrogen content smaller than

1 wt% (absolute). However, when the activation temperature was increased from
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600 °C to 700 °C, the nitrogen content of the samples with the same KOH/FC mass
ratio decreased dramatically, from about 4 wt% to below 2 wt%, indicating the poor
thermal stability of nitrogen groups (Sevilla et al., 2011) and about 50% of nitrogen
groups on the surface decomposed as a result of the temperature increase°C. The
results on the analysis of the detailed nitrogen containing groups (Figure 6.4c)
reveal the main components after activation are N-5 and N-6. With an increase in
the activation temperature, the relative percentages of N-Q and N-O increased,
which is in agreement with the finding from Gu et al. (2013), whereas the relative
content of N-6 decreased. Figure 5d clearly shows that the relative content of
oxidized nitrogen groups increased with an increase in the activation temperature
or the KOH/FC mass ratio, which means that more and more nitrogen containing
groups were converted into oxidized nitrogen species. The relative weight
percentage of nitrogen in oxidized nitrogen groups could reach 30% of the total
nitrogen for the sample prepared with KOH/FC mass ratio of 5:1 and activation

temperature of 700 °C.

In addition to nitrogen, the peak of potassium was also observed in all samples.
Figure 6.4a also shows the K2p spectra of sample FC6001. The K2p spectrum
consists of two peaks at binding energies of 293.2 eV and 296.0 eV and their
intensity ratio is 2:1, therefore, they are the spin-orbit-split doublet (K2p3» and
K2p12) of the surface potassium oxides rather than carbonate species (Moulder et
al.,, 1992; Li et al., 2001), which usually have their K2p3;» peak at 292.2 eV
(Shchukarev et al., 2004). The surface oxides were formed during activation via the
reaction between KOH and carbon materials, remaining in the lattice after water
washing. Meanwhile, SEM-EDX element mappings obtained for the sample
FC6003 and FC7001 shown in Figure 6.5 revealed the extensive uniform spatial

distribution of the intercalated potassium species at microscopic scales.
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Figure 6.5 K-maps of samples: (a) FC6003 and (b) FC7001
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6.3.3 CO; capture at low partial pressure

Figure 6.6 illustrated CO adsorption isotherms at 0 °C and 25 °C and N> isotherms
of selected samples at 25 °C. The adsorption capacities of the selected samples at
0.1 bar and 0.15 bar representing the realistic partial pressure of CO> in flue gases
are presented in Table 6.2. It can be seen that FC7003 achieves a remarkable value
of 7.65 mmol/g at 0 °C and 4.90 mmol/g at 25 °C. The heteroatom content of
FC7003 was not outstanding when compared with other samples while the ultra-
micropore volume was the highest amongst all samples. The uptake of samples at
1 bar generally followed the ranking of ultra-micropore volume, which was
consistent with the findings of previous studies that pores smaller than 0.8 nm were
preferred at 1 bar to achieve a high uptake (Zhang et al., 2013a; Presser et al., 2011).
However, at low CO; partial pressures, the trend of CO> adsorption capacity was
different. Sample FC7001 showed unprecedentedly high uptakes of 1.97 mmol/g
(0.10 bar) and 2.30 mmol/g (0.15 bar) at 25 °C. To the best of our knowledge, these
represent the highest for porous carbons that have been reported so far and are even
higher than many MOFs and zeolites under similar conditions (Samanta et al., 2011;
Sumida et al., 2011; Zhang et al., 2014a). The uptake of FC7001 at 0.10 bar was
even higher than the uptakes of most of the carbon materials reported at 0.15 bar
and 25 °C (Table 2.6). Meanwhile, it can be found that the samples that were
activated at 600 °C performed well at low partial pressures, the adsorption capacity
at 0.10 bar/0.15 bar increased with the KOH/FC mass ratiomass ratio. Sample
FC6005 achieved an uptake of 1.77 mmol/g at 0.10 bar and 2.10 mmol/g at 0.15
bar, which was slightly lower than that of FC7001. However, when the activation
temperature reached 700 °C, the adsorption capacity dramatically decreased from
2.30 mmol/g to 1.34 mmol/g at 0.15 bar and 25 °C when the KOH/FC mass ratio

was increased from 1:1 to 5:1.

The CO; uptake performance of the FC samples especially at low CO; partial
pressures cannot be fully explained by use of the general textural properties listed
in Table 6.1. For instance, sample FC7003, which has the largest ultra-micropore
volume at 0.435 cm?/g, obtained the highest CO, uptake amongst all samples at 1
bar 0 °C and 25 °C while the uptake was only 1.68 mmol/g at 0.15 bar and 25 °C,
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which is significantly lower than the record high uptake of 2.30 mmol/g obtained
with sample FC7001 that has a relatively low ultra-micropore volume of 0.255
cm?®/g. Even sample FC6001 that had the smallest ultra-micropore volume had
achieved the adsorption capacity of 1.89 mmol/g. This indicates that the existence

of unique PSDs is of special relevance to the CO> uptake at low partial pressures.
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Figure 6.6 CO: isotherms of all samples: (a) CO: isotherms at 0 °C;(b) CO2
and N: isotherms of selected samples at 25 °C
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Table 6.2 CO2 adsorption capacity and selectivity of selected samples at low

CO: partial pressure

CO; uptake at 25°C Selectivity
Sample (mmol/g) CO2/ N2 (ISAT) Initial slope
0.10 bar 0.15 bar 10/90  15/85 ratios
FC6001 1.60 1.89 57 44 200
FC6003 1.69 2.02 43 34 152
FC7001 1.97 2.30 51 39 169

6.3.3.1 The role of textual and surface chemical properties on CO: adsorption

The correlations between CO» adsorption capacity at 0.15 bar and 1 bar for FC
carbons and the volume of pores smaller than a specific pore size were illustrated
in Figure 6.7. It can be observed that CO; uptakes at 1 bar and 0 °C was almost
linear with the volume of micropores smaller than 1 nm, with a high correlation
coefficient (R?) of 0.98. This unique pore size decreased to 0.5 nm as the particle
pressure decreased to 0.15 bar (R?=0.94). Similar linear relationships were also
obtained at 25 °C: CO; uptakes at 0.15 bar and 1 bar gave the best correlation with
the volume of micropores smaller than 0.44 nm (R?=0.96) and 0.60 nm (R?=0.98)
respectively. It is well known that the ultra-micropores strengthen the adsorption
potential due to the superposition of the stronger Van der Waals force produced by
the adjacent walls of ultra-micropores while the adsorption potential is inversely
proportional to pore radius and decreases with the pore width (Everett, et al., 1976).
Adsorption at a higher temperature or lower CO; partial pressure, needs a stronger
interaction force and hence the unique pore size becomes much smaller in order to
provide a sufficient force to keep the CO> molecules in the pores (Wickramaratne
etal., 2013a; Zhang et al., 2013; Presser et al., 2011; Ashourirad et al., 2016; Sevilla
etal., 2013).

As reported by previous studies, some carbon materials had similar or even higher
ultra-microporosity but their uptakes were only about 1.3-1.5 mmol/g at 0.15 bar

and 25 °C (Sevilla et al., 2011a; Yang et al., 2015; Wei et al., 2012). Although ultra-
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microporosity played a key role in CO adsorption, it cannot solely rationalize the
extraordinary CO; uptakes of the FC carbons observed with this study, especially
at low partial pressures which reached 1.97 mmol/g at 0.10 bar and 25 °C and 2.30
mmol/g at 0.15 bar and 25 °C. The existence of surface heteroatom groups might
have contributed to the adsorption, especially at low partial pressures. The existence
of the surface heteroatom-containing groups changed the electrostatics of the
surface which could enhance the affinity to CO». The effects of the sample nitrogen
and potassium contents on the adsorption content are shown in Figure 8. Apparently,
there is no direct relationship between the CO2 adsorption capacity and the nitrogen
content or different nitrogen containing groups (R? = 0.30). This indicates that the
nitrogen content is not a critical factor to enhance the CO; uptake for FC samples,
and this agrees with the experimental results reported by Zhang et al. (2013) and
the simulation results of Kumar et al. (2015) in that N-doping can only marginally
improve the single component adsorption of CO». In addition to the nitrogen
containing groups, there is potassium in the form of surface potassium oxides
groups evenly distributed on the surface, which has been proved by the XPS and
EDX results. As can been seen from Figure 6.7f, there was almost linear
relationship between the CO; uptake at 25 °C and 0.15 bar and the potassium
content on the surface, indicating the significant improvement of CO; adsorption is
at least partly attributed to the potassium ions exposed on the surface that acted like
extra-framework cations in MOFs and zeolites (Pirngruber et al., 2010; Pulido et
al., 2009; Valenzano et al., 2010). Detailed study on the role of potassium on CO>

capture had been investigated with our previous studies (Liu et al., 2015).
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Figure 6.7 The relationship between CO2 adsorption capacity at 25 °C and 0.15
bar and different parameters: (a)-(d) micropore volume of pores smaller than
certain pore size and heteroatom content (e) nitrogen content; (f) potassium
content (continued)
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In order to better understand the interaction strength between CO; and the carbon

surface, the isosteric heats (Qs) of CO2 adsorption on FC carbons were calculated
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from the CO> adsorption isotherms measured at 0 and 25 °C via the Clausius-
Clapeyron equation. In this work, considering the heterogeneity of surface caused
by surface potassium intercalation, the dual-site Langmuir equation was used to fit
the adsorption isotherms of FC carbons. The plots of Qs values as a function of CO;
adsorption capacity for all FC carbons are presented in Figure 6.8a. The initial Qs
values for the carbons at a CO> uptake level of 0.01 mmol/g vary within the range
of 32-43 kJ/mol, which are higher than those of most activated carbon adsorbents,
porous polymers and even some MOFs such as MIL-101 (Xiang et al., 2012) and
the amine/carbon(Lu et al., 2012) samples shown in Figure 6.8b. Sample FC7001
has the highest Qs values, which range from 43 to 36 kJ/mol at CO2 loading 0of 0.01-
2.1 mmol/g (uptakes at 0.15bar), indicating the existence of strong interaction force
between CO; and the adsorbent. The reported initial Qs values of porous carbon
materials without surface modification are generally smaller than 30 kJ/mol such
as phenolic resin (PR) beads (26 kJ/mol) (Liu et al., 2015), porous polymer (20
kJ/mol) (Lu et al., 2012) and PAF-1-450 (27.8 kJ/mol) (Ben et al., 2012). As shown
in Figure 6.9, the initial Qs values increase with the potassium content on the
surface while there is no clear relationship between the nitrogen content and the

initial Q.

Similar to the Qs curves of the various samples from the references in Figure 6.8b,
the Qs curves of our FC samples especially FC7001 and FC6001 over the whole
range of CO> adsorption capacity can also be generally divided into three stages:
being kept at a high Qs value at CO2 loading up to 1 mmol/g, gradually decreasing
and then becoming constant. These trends are similar to those of NaX (Bae et al.,
2013), amine tethered carbon (Lu et al., 2012) and MIL-101 (Xiang et al., 2012)
that had extra framework ions or -NH; amine groups on the surface, indicating the
existence of strong surface affinity that was quite similar to the extra framework

ions in zeolites/MOFs or amine groups with strong basicity on carbon.
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Figure 6.8 (a) Isosteric heat of CO2 adsorption on FC samples calculated from
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2012).
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6.3.3.2 Selectivity and stability

To be a good candidate of sorbent for CO> capture from flue gases, the sorbent must
have high selectivity and stability. The selectivity of selected FC samples was
calculated by means of the initial slope method (Hao et al., 2011; Chandra et al.,
2012) and the ideal adsorption solution theory (IAST) method (Lu et al., 2011;
Babarao et al., 2009; Zhao et al., 2012) and the results are listed in Table 6.2. Based
on the initial slope method, the CO»/N selectivity of FC 6001, FC6003 and FC7001
was found to be 200, 152, 169 at 298K, respectively (Figure 6.10). These selectivity
values are higher than all kinds of porous carbons reported, indicating the existence
of strong affinity to CO; on surface. The IAST selectivity of CO2/N> in 10/90 and
15/85 mixture gases was also calculated. Sample FC6001 had the highest selectivity
of 57 and 44 for 10/90 and 15/85 mixture gases at the total pressure of 1 bar
respectively, followed by FC 7001 and FC6003, showing the same trend observed
with the initial slop method. The difference in the value of selectivity between two

methods can be attributed to the adsorption site heterogeneity.

As reported by some previous researchers, the heteroatom containing groups

especially N-rich groups were considered as the key contributor to high CO»
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selectivity but the existence of small ultra-micropores was counterproductive due
to the adsorption of nitrogen (Patel et al., 2013; Ashourirad et al., 2016). However,
in this work, we found that the pore structure or the fraction of ultra-micropores
rather than heteroatom containing groups on surface determined the selectivity of
samples. There was no clear relationship between the potassium content/nitrogen
content and the selectivity but a strong linear relationship (R>>0.94) between the
fraction of micropore volume (<0.50 nm) and selectivity is found as shown in
Figure 6.10. Within the ultra-micropores smaller than 0.5 nm, the interaction force
between CO; and pores were significant enhanced while only marginally
contributed to nitrogen adsorption that had larger dynamic diameter (To et al., 2016).
For sample FC6001, most of the pores were smaller than 0.5 nm and hence it had

the highest selectivity.
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Figure 6.10 CO2/N2 adsorption selectivity at 298 K based on initial slope
method: (a) FC6003; (b)FC6001; (c) FC7001; (d) the relationship between
CO2/N: selectivity calculated by IS method and fraction of ultra-micropore
volume (<0.5 nm), potassium content and nitrogen content (continued)
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Figure 6.10 CO2/N2 adsorption selectivity at 298 K based on initial slope
method: (a) FC6003; (b)FC6001; (c) FC7001; (d) the relationship between
CO2/N: selectivity calculated by IS method and fraction of ultra-micropore
volume (<0.5 nm), potassium content and nitrogen content

In addition to high selectivity, the FC samples of this study have showed fast
adsorption kinetics and good stability during cyclic tests (Figure 6.11), indicating
their great potential for practical applications. CO> adsorption tests with all FC
samples and the multicycle (up to 50 cycles) of adsorption-desorption tests with the
selected samples (FC6001 and FC7001) were conducted with TGA under the
simulated flue-gas conditions (15% CO2/85% N2, 25 °C). As it can be seen from
Figure 11a, CO2 was quickly adsorbed by both samples and reached the equilibrium
capacity within 10min. In addition, the adsorption capacity had already exceeded
90% of the equilibrium capacity in the first 3min and the activation temperature or
the potassium content in samples had little effect on the adsorption kinetics. Figure
6.11b shows the results of the multi-cycle tests of the best two samples FC6005 and
FC7001. The adsorption was conducted in 15% CO2/85% N> at 25 °C while
desorption was conducted in pure nitrogen at 120 °C. It can be found that both
samples were quite stable, especially sample FC6005, with adsorption capacity

remaining almost constant during the 50 cycles.
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Figure 6.11 CO: adsorption curve and cyclic performance of selected samples
(flue gases: 15% CO2 + 85% N2; adsorption temperature: 25°C; desorption
temperature: 120°C)

6.4 Conclusions

In conclusion, we have demonstrated a novel ultra-microporous carbon foam

successfully prepared by a facile, reproducible one-step carbonization and KOH
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activation of polyisocyanurate. The synthesized FC carbons showed exceedingly
high level of ultra-microporosity and unique surface chemistry for CO2 adsorption.
The resulting ultra-microporous carbon samples achieved a record high CO uptake
at 25 °C and 0.15 bar and record-high CO2/N; selectivity compared with those of
porous carbon materials reported so far and most MOFs. Ultra-microporosity and
potassium intercalation play key roles in CO; adsorption at low partial pressures
while no direct relationship between nitrogen containing groups and CO:
adsorption capacity can be observed. In addition, the introduction of surface
potassium containing groups has enhanced the surface affinity to CO., resulting in
a high isosteric heat of adsorption of FC carbons while the pore structure or the
fraction of ultra-micropore volume (<0.50 nm) rather than surface chemistry has a

significant effect on CO2/N; selectivity at 25 °C.
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Chapter 7 Ultra-microporous K doped
carbons with exceedingly high adsorption

capacity at flue gas conditions

7.1 Introduction

The temperature of flue gas from a coal-fired power plant is about 40-50 °C, it is
impractical to further cool the flue gas to room temperature. So, the performance of
carbons at 40-50 °C and 0.15 bar is crucial when determining their potential for
industrial applications. As reported in former chapter, the polyisocyanurate derived
carbons have record high CO» adsorption capacity at 25 °C and 0.15bar. Therefore,
in this chapter, the adsorption performance of polyisocyanurate derived carbons at
40-50 °C were studied. Meanwhile, as shown in Chapter 5, pre-compaction was
beneficial to increase their adsorption capacity and CO2/N selectivity at low partial
pressure, so pre-compaction was also used to prepare polyisocyanurate derived

carbons.
7.2 Experimental Procedure

Polyisocyanurate was pre-oxidized in horizontal tube furnace at 260 °C for 6 hours
in 50 ml/min air flow. The sample obtained after oxidation was then mixed with 20
ml KOH solution (KOH/polyisocyanurate weight ratio was equal to 1) and left
overnight, then all samples were dried in an oven at 105 °C. After that, the dried
samples were compressed into pellets with a diameter of 13 mm under different
loads, 2 tons, 5 tons and 10 tons, respectively. The pellet was then heated in a
horizontal tube furnace from ambient to a pre-selected temperature at a rate of
5 °C/min under the protection of N> flow and maintained at the selected temperature
for an hour. The activated samples were then washed with DI water until the pH
value became about 7. The samples were labelled in the form of Pxyz, where x, y,

and z represent the activation temperature, the KOH/AC mass ratio and load.
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All CO» adsorption test were carried out on a thermo gravimetric analyzer (TGA,
Q500, TA instruments). The CO- adsorption capacity as a function of temperature
was tested as follows: the sample was first degassed at 150 °C for 30 min in N>
before cooling down to 25 °C, and then the simulated flue gas (15%/85% CO2/N2)
was introduced into the sample chamber with a flow of 100 ml/min. The sample
was slowly heated up to 120 °C with a heating rate of 0.5 °C/min. CO> adsorption
kinetics at 40 °C was measured by the same degas and adsorption procedure. Once
the adsorption reached equilibrium at the selected temperature, the sample was
heated up to 150 °C for 10 min in N> for desorption. Up to 50 adsorption-desorption
cycles were performed to test the stability and cyclability of the sample. A TG-DSC

instrument (Setaram SENSY'S evo) was used to measure the adsorption heat.

7.3 Results and discussions

7.3.1 Textual properties
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Figure 7.1 N2 adsorption isotherms obtained at -196 °C: (a) samples prepared
with 2 tons compaction load at different temperatures; (b) samples prepared
with different compaction load at 700 °C (continued)
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Figure 7.1 N2 adsorption isotherms obtained at -196 °C: (a) samples prepared
with 2 tons compaction load at different temperatures; (b) samples prepared
with different compaction load at 700 °C

The nitrogen isotherms of all samples analysed at 77 K are shown in Figure 7.1. It
can be seen that the samples prepared at 600-700 °C with a compaction load 2-5
ton, present type | isotherm behaviour, with significant nitrogen adsorption capacity
at relative pressure P/P0<0.1, indicating a micropores domain nature. However,
when the temperature is increased to 800 °C or the compaction load is 10 tons, an
obvious hysteresis loop at a relative pressure P/P0>0.4 appears, indicating the
presence of mesopores. Meanwhile, it can be found that the isotherms of sample
P71 10T and P81 2T showed type H4 isotherm, indicating the mesopores in the

samples were narrow slit-like pores (Sing, 1985).

The textural structure parameters of all samples including BET surface area, total
pore volume, micropore volume and narrow micropore volume that can be
calculated by the combination of N> isotherm and CO: isotherms at 0 °C are
summarized in Table 7.1. It can be observed that the pressed samples prepared at
600-800 °C have a surface area ranging from 328 to 1906 m?/g and total pore
volume ranging from 0.124 to 0.797 cm?/g. With the increase of activation
temperature, the surface area, total pore volume and micropore volume increased,

indicating an enhanced activation effect. At a given temperature 700 °C, it can be
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found that compaction is beneficial to porosity development, surface area, pore
volume and micropore volume, as they all increased as the compaction load
increased from 0 tons to 10 tons. Clearly, the carbon samples prepared by KOH
activation are microporous, with the microporosity accounting for 80-100% of total
pore volume. The samples, as shown in Figure 7.2, were found to consist of
micropores with pore size centered at 0.38 nm, 0.53 nm and 1.2 nm. With the
increase of activation temperature and compaction pressure, the ultra-micropore
volume increased from 0.254 to 0.407cm?/g, while the ultra-micropore volume as
a fraction of micropore volume decreased, which is attributed to the formation of
increasingly larger micropores with broader size distribution. Mesoporosity
emerged at a temperature of 800 °C and a compaction load 10 tons. In comparison,
sample P61 2T had a low surface area only 328m?/g, but 100% of the total pores
are ultra-micropores and centered at 0.38 nm, which mean this sample could be

considered as a high quality ultra-microporous molecular sieve.

Table 7.1 Specific surface areas and pore structures of polymer derived

carbons
Sample SBET Viotal Viicro  Vimicro<0.7nm XPS
(m*/g)  (cm’/g) (em’/g) (em’/g) N (wi%) K (wi%)

P61 2T 328 0.124 0.124 0.124 3.10 4.08
P71 773 0.298 0.282 0.255 12.87 1.77
P71 2T 1407 0.535 0.511 0.378 1.36 4.01
P71 5T 1392 0.540 0.498 0.372 0.6 4.42
P71 10T 1606 0.715 0.572 0.407 1 2.18
P81 2T 1906 0.797 0.702 0.342 0.35 10.09
P81 5T 1514 0.622 0.557 0.297 0.23 9.06
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Figure 7.2 NLDFT pore size distributions for the samples prepared at 700 °C
with different compaction loads

The morphology of prepared samples was analysed by scanning electron
microscopy (SEM). Before analysis, the sample with a regular shape after activation
was cracked into a powder. As shown in Figure 7.3 a-b, the granular particles had
cheese-like pore structures with plenty of macropores. The transmission electron
microscopy images of sample P71 2T mainly shows the disordered slit-shaped
micropores randomly distributed in the structures (see Figure 7.4). The worm-like
interlocked micropores is attributed to the stacking of curved graphene layers. So,
activated samples with pre-compaction showed a kind of macro-micropore

hierarchical structure, which is beneficial for CO2 diffusion and adsorption.
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Figure 7.3 SEM images of sample P71 _2T (a)-(b)
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Figure 7.4 TEM images of sample P71 _2T (a)-(b)
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7.3.2 Chemical properties
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Figure 7.5 XPS spectra of prepared samples (a) C1s of sample P71_2T (b) N1s
of sample P61 2T
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XPS was used to characterize the elemental composition of the samples. As shown
in Figure 7.5, the Cls peak was centered at 284.8 eV with a tail at high binding
energy, which is attributed to heteroatoms like nitrogen and oxygen. There were
small amount of C-O/C=N (286.2ev) and O-C=0O/N-C=0 (289.0ev) (Gu et al., 2013;
Liu et al., 2014) existing in sample. The high resolution N1s could be deconvoluted
into four components: pyridinic N, pyrrolic N, graphitic N and Nitrate resulting
from the oxidizing condition (Beard et al., 1990; Zheng et al., 1997; Adenier et al.,
2005). It can be found from Table 7.1 that the nitrogen content sharply decreased
from 3 wt% to 0.23 wt% with the increase of activation temperature from 600 to
800 °C, which means most of the nitrogen containing groups have poor thermal
stability (Sevilla et al., 2011). In addition to nitrogen, the peak of potassium was
also observed in all samples. The K2p spectrum in Figure 7.5b consists of two peaks
at BEs 0f293.2 eV and 296.0 eV and their intensity ratio is exactly 2:1, so they are
the spin-orbit-split doublet (K2p3» and K2pi2) of the surface potassium oxides
rather than carbonate species (Moulder et al., 1992; Li et al., 2001), which usually
have their K2ps/2 peak at 292.2 eV (Shchukarev et al., 2004). These kinds of surface
potassium oxides are generated by the reaction between KOH and carbon during
the activation process and was probably in the form of C-O-K. The elemental
mapping results (see Figure 7.6) showed that potassium is distributed evenly along

with the oxygen atoms.
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Figure 7.6 Elemental mapping of sample P71 2T: (a) potassium; (b) oxygen;
(c¢) carbon; (d) mapping area
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7.3.3 CO; adsorption performance

7.3.3.1 CO: adsorption at low temperature

—=—P61_2T
| —=—P71

—+—P71 2T
64— P715T

| —<— P81 2T
> P81 5T

CO, Adsorption Capacity (mmol/g)

+—P71_10T

0.0 0.2

0.4 0.6 0.8 1.0
Relative Pressure P;’P0

(2)

Figure 7.7 CO2 adsorption profiles: (a) adsorption isotherms at 0 °C; (b)

adsorption isotherms at 25 °C (continued)
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Figure 7.7 CO2 adsorption profiles: (a) adsorption isotherms at 0 °C; (b)
adsorption isotherms at 25°C

The CO> adsorption isotherms of all samples at 0 °C and CO- and N isotherms of
selected samples at 25 °C are displayed in Figure 7.7. Clearly, it can be found that
the CO» uptake of the samples was affected by the activation temperature and
compaction load. At the given load 2 tons, increasing the temperature from 600 to
700 °C, the CO; adsorption capacity sharply increased from 4.82 mmol/g to
7.24mmol/g at 0 °C and 1 bar, while the capacity decreased to 6.32 mmol/g at
800 °C. The change of capacities with temperature seems closely related to the
volume of the ultra-micropores. Although sample P81 2T got the highest micropore
volume 0.702 cm?/g, the ultra-micropore volume is lower than that of P71 2T. The
results of the samples activated at 700 °C under different compaction load showed
that tableting benefits the CO, adsorption. The uptake at 1 bar increased from 5.57
mmol/g (without compaction) to 7.28 mmol/g (10 tons load), consistent with the
trend observed for the ultra-micropore volume. Similarly, at 25 °C, compared to
P61 2T and P71, sample P71 2T showed a higher CO» adsorption capacity of 5.10
mmol/g at 1 bar and 298 K, which was also one of the highest uptakes of CO»
reported for activated carbon materials. However, at low CO» partial pressure, the

trend of CO> adsorption capacity was different from 1 bar. Similarly, samples
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activated at 600-700 °C achieved a quite substantial uptake 3-3.27 mmol/g at 0.15
bar and 0 °C.

Considering practical applications, both high capacity and selectivity are required.
In this study, Henry’s Law through the initial slopes of CO> and N> adsorption
isotherms (Hao et al., 2011; Chandra et al., 2012) at 25 °C was employed. It can be
seen from Table 7.2 that all samples displayed quite impressive Henry’s Law
selectivity, sample P61 2T could reach 199, the highest value reported for carbon
materials, indicating a strong affinity to CO2 molecule. Compared to other carbon
materials reported, with even higher ultra-micropore volumes, their Henry’s Law
selectivity was much lower than samples in this work. At the beginning of
adsorption, CO; will be preferentially adsorbed by the sites with a strong adsorption
potential. The strong adsorption potential is attributed to their unique surface
chemistry and is much higher than any Van der Waals force. It is known that
adsorption on carbon materials is very sensitive to temperature, and the capacity of
which sharply decreases as temperature increases. The existence of such surface
chemistry might be helpful to maintain the carbon materials with high capacity at

flue gas temperatures (40-50 °C).

Table 7.2 CO2/Nz selectivity of selected samples at 25 °C calculated with the
IS method

Initial slope ratios

P61 2T 199
P71 2T 114
P71 184
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7.3.3.2 CO2 adsorption at flue gas temperature
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Figure 7.8 CO2 adsorption profiles: the change of CO: adsorption capacity
with the increase of temperature in simulated flue gas condition (15% CO:2 +
85% N2): (a) samples prepared with different compaction load at 700 °C and
selected samples (P71 and P71 _5T) for further 48 h washing using soxhlet
extraction; (b) samples prepared at 600 and 800 °C and carbon beads

In order to analyse the CO» capacity of samples under simulated flue gas conditions

(15% CO2 + 85% N») with temperature starting from 25 °C, temperature designed
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adsorption tests with low a heating rate were carried out by TGA. Figure 7.8
displays the CO» adsorption curves of all samples. It can be found that all prepared
carbons achieved a maximum CO; adsorption capacity at 25 °C and decreased
gradually with increasing temperature. The uptake of samples at different
temperatures was obtained from the adsorption curves. Typically, the uptake at
25 °C and 0.15 bar was between 2.00-2.40 mmol/g, at 40 °C it was in the range of
1.50-2.20 mmol/g, while at 50 °C the carbons adsorbed between 1.25 and 2.10
mmol/g. It is clear that the both pre-compaction and activation temperature affected
the adsorption capacities greatly. At a given pre-compaction load, 2 tons, the
adsorption capacity of samples increased with the increasing activation temperature,
which is consistent with the significant increase in pore volume and surface area.
Similar results were observed as the compaction pressure increased to 5 tons.
However, at the given activation temperature, sample P71 and P81 2T presented
the highest adsorption capacities at different temperature at 0.15 bar of CO,,
indicating low compaction pressure is beneficial for CO> capture at low partial
pressure. Of all the samples, samples P81 2T exhibited highest CO; uptake under
flue gas conditions, reaching about 2.20 mmol/g at 40 °C and about 2.05 mmol/g at
50 °C. Compared to the other materials listed in Table 2.7, the exceedingly high
CO» adsorption capacities of P carbons under flue gas conditions represent the
highest capacities ever reported for any carbon materials, and is even higher than
the capacities of most carbons obtained at 0.15 bar and 25 °C. Even in comparison
with other classes of materials like MOFs and zeolites, their performance ranks
amongst the best, the uptake at 50 °C is higher than one of the best zeolite material

zeolite 13X (Lee et al., 2002).
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Figure 7.9 Adsorption curves of CQOz2: (a) kinetics curves and fitting results of
sample P71 at different temperatures; (b) Kinetics curves and fitting results of
different samples at 40 °C; (c¢) cyclic performance of selected samples at
different adsorption temperatures (flue gases: 15% CO:2 + 85% N2; adsorption
temperature: 40 °C; desorption temperature: 120 °C). (continued)
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Figure 7.9 Adsorption curves of COz2: (a) kinetics curves and fitting results of
sample P71 at different temperatures; (b) Kinetics curves and fitting results of
different samples at 40 °C; (c¢) cyclic performance of selected samples at
different adsorption temperatures (flue gases: 15% CQO2 + 85% Nz; adsorption
temperature: 40 °C; desorption temperature: 120 °C).

The adsorption characteristics for the selected samples, obtained from TGA at
different temperatures at 0.15 bar COz (N2 balance), was shown in Figure 7.9. It can
be found that most of the samples exhibit fast adsorption kinetics in simulated flue
gas at 40 °C and 90% of the equilibrium capacity was achieved in less than 5
minutes. The adsorption capacity of sample P71 declined with increased
temperature to 75 °C, indicating that the CO; adsorption-desorption is a reversible
process, where the decrease of adsorption capacity with increasing temperature is
attributed to simultaneous desorption. In contrast, sample P81 5T was differed
from the other samples exibiting a two-step process: the first step showed a sharp
increase in the weight within the first 10 min, followed by a second, much slower
process that slowly increased to a maximum value 1.93 mmol/g. To get deeper
insight into the adsorption process of adsorbents, the pseudo second order model
was adopted to describe the kinetics of CO; adsorption on carbon. It can be seen
from Table 7.3 that the pseudo-second order kinetics model fitted well with the

adsorption kinetics data of the selected samples at different temperatures, with high
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R? values. The reaction rate coefficient k that quantifies the rate of a chemical
reaction reveals the diffusion of CO2 molecules. The data in Table 7.3 exhibited that
the samples prepared by pre-compaction obtained a higher reaction rate coefficient
k than the sample without pre-compaction, with P61 2T possessing the highest
reaction rate coefficient k among the selected samples. This means the diffusion of
the CO2 molecules is quicker in sample with pre-compaction. Similarly, the reaction
rate coefficient of sample P71 increased sharply with temperature, indicating the
faster diffusion of CO2 molecules with increasing temperature. In addition, sample
P81 5T could not be fitted with a Pseudo second order model, the two-step process
observed for P81 5T is similar to the adsorption process of PEI silica, indicating
the existence of two kinds of controlling mechanism, which can be described by the
double-exponential model that has been utilized by many studies (Kondo et al.,

2012):
My/M. = As (1-exp (-kst)) + Aa (I-exp (-kat)) (7.1)

Where M, and M. represent the adsorption capacity at time t and equilibrium
adsorption capacity respectively. 45 and Ay are defined as the relative contribution
of the surface and diffusion barriers respectively, controlling the overall adsorption
process, As + Aa =1. ks and kg are the corresponding surface and diffusion rate
constants respectively. The double-exponential model fitted well with the
experimental result of P81 5T (R?>>0.99). The surface rate constant (ks =2.73) is
much higher than the diffusion rate constant (ks =0.058) due to the surface
adsorption and surface adsorption is predominant (As=0.64) during adsorption. In
addition to adsorption kinetics, the cyclic test of selected samples was also carried
out, as shown in Figure 7.7c. All samples exhibited good, stable, and revisable

performance at 0.15 bar and 40 °C and remained almost unchanged after 40 cycles.
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Table 7.3 Pseudo second order kinetics model parameters of CO:2 adsorption

for the selected samples

Sample k Je R?
P61 2T 40 °C 1.52 1.51 0.96
P71 2T 40 °C 1.39 1.74 0.97
40 °C 1.01 1.96 0.99
P71 50 °C 2.07 1.64 0.98
70 °C 3.06 1.04 0.99

7.3.3.3 Role of surface chemistry and pore structure

It is clear that the textural properties listed in Table 7.1 showed no direct relationship
with CO» adsorption performance of P carbons prepared in different conditions at
40 °C and 0.15 bar. For example, sample P71 10T had the highest micropore
volume and ultra-micopore volume while the CO; uptake at 0.15 bar is the lowest
among all samples. In comparison, samples P61 2T (1.56 mmol/g) and sample R71
(1.95 mmol/g) possess much lower micropore volume and ultra-micorpore volume.
Additionally, microporous phenolic resin beads prepared by steam activation with
a micropore volume of 0.43 cm?/g was also tested, its uptake at 40 °C and 0.15 bar
was only 0.5 mmol/g. These results indicate that the existence of a unique pore size
distribution and surface chemistry have special relevance to CO> adsorption at
40 °C and 0.15 bar. As reported in some papers, narrow micropores can effectively
enhance the interaction force between pore wall and CO2 molecules due to higher
degree of Van der Waals force produced by the adjacent pore walls. Pores smaller
than 0.5 nm is preferred to achieve high CO; adsorption capacity at low partial
pressures (0.10-0.15 bar) and high temperatures. More specifically, Ashourirad et
al. (2016) found that the uptake of benzimidazole derived carbon (BIDC) at 0.15
bar and 50 -75 °C had the best correlation with pores volume, with diameter smaller
than 0.4 nm. Similar to BIDC, the effect of pore size on CO» uptake at 0.15 bar and
40 °C was investigated. It can be observed that the CO» adsorption capacity at 40 °C
and 0.15 bar of samples prepared at 600-700 °C, is directly proportional to the
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volume of pores smaller than 0.40 nm. However, samples prepared at 800 °C did
not follow this trend, although they have a very low volume of ultra-micropores
smaller than 0.4 nm (0.090 and 0.091 cm?®/g), while their adsorption capacities were
the highest among all samples. Therefore, pore structure cannot solely rationalize
the enhanced CO; uptake of the P carbons and surface chemistry also played an

important role in high temperature CO, adsorption.

As nitrogen-rich precursor were used, the prepared samples have two kinds of
surface containing groups: nitrogen containing groups and surface potassium
groups. Apparently, there is no direct relationship between the CO: adsorption
capacity and the nitrogen content or the nature of nitrogen containing groups (see
Figure 7.10b). This is confirmed as there is a low coefficient of determination,
indicating that nitrogen containing groups are not directly responsible for the high
adsorption capacity, which was consistent with experimental and simulation results
reported by other papers. In this work, it seems that nitrogen containing groups
showed marginal contribution or even hindered the adsorption of CO», where the
adsorption capacity decreased with increasing nitrogen content, indicating the key
role of other surface properties. As shown in Figure 7.10c, the CO> uptake of the
samples increased with the increasing potassium content. Sample P81 2T and
P81 5T possessed the highest surface potassium content, so their uptake was higher
than the other samples, despite their lack of pores smaller than 0.4 nm and lowest
nitrogen content. The potassium exposed on surface on surface of the samples acts
like the extra framework in the same manner seen in MOFs and zeolites, increasing
the delocalization of charge and the polarity of surface. Therefore, the surface
affinity to CO, molecules is increased. In order to further investigate the efficacy
of potassium, samples P71 and P71 5T were continuously washed in hot water
using a Soxhlet extractor for 48h. There was little change in the porosity, while the
potassium content of P71 and P71 5T dropped from 6.45 wt% and 4.42 wt% to
around 2 wt% respectively, but the adsorption capacity sharply decreased to 1.10
(P71 5T 48H) and 0.75 mmol/g (P71 _48H) (see Figure 7.8).

- 153 -



b
o
1

Prepared at 800 °C

g
S
1

p—
o}
|

[a—
N
|

[
[\
|

Adsorption capacity (mmol/g)
o
||

[S—
)

. ! I ! 1 ! | ! | !
0.06 0.08 0.10 0.12 0.14 0.16
Volume of pores smaller than 0.4nm (cm3/ 2)

(2)

800 °C

m 600°C

[ e S T S T S Y
S N B~ O 0 © N b
PR R IPUNN RN MNP SRR SR N

Adsorption capacity (mmol/g)

e e
o oo
| |

T T T T T T
1 2 3 4
Nitrogen Content (wt%o)
(b)

Figure 7.10 Relationship between CO: uptake and different factors: (a) the

volume of pores smaller than 0.4nm; (b) nitrogen content; (¢) potassium
(continued)

)

_ 154 -



2.2 1 .
T 2.0 ’ . .
_O |
E ] .8 N n
= 1.6 .
) ] ]
9 1.4+
% -
o 1.24
= ]
£ 107 48h washing
S
0.6 1
T 4 T 4 T ¥ T ¥
2 4 6 8 10
Potasium Content (wt%)
(c)

Figure 7.10 Relationship between CO: uptake and different factors: (a) the
volume of pores smaller than 0.4nm; (b) nitrogen content; (c) potassium

The enthalpy of adsorption is a crucial parameter to understand the interaction
strength between CO and carbon surface. In this paper, the heat of adsorption of
all samples was tested by TG-DSC under simulated flue gas condition (40 °C and
15% CO2/85% Ny). It can be found from Figure 7.11 the heat of adsorption for the
prepared samples ranged from 32.5 kJ/mol to 40.7 kJ/mol and showed a decrease
with the increase of activation temperature, which corresponds well to the
development of porosity and increased role of textural properties in adsorption.
Similar trend was observed for samples with different pre-compaction load. In
comparison, the heat of adsorption of the prepared samples were higher than any
other carbon materials and even some zeolites and MOFs. Although both pore size
and surface chemistry affected the heat of adsorption, the high value of 40.7 kJ/mol
for P61 2T was higher than dopant free carbons with high ultra-micropore volume
like phenolic resin (PR) beads (26 kJ/mol) (Liu et al., 2015) and commercial
activated carbon (20 kJ/mol), indicating the existing strong interaction between CO>
and carbon surface, which mainly attribute to the exposed potassium ions on the
surface. However, potassium content is not direct proportion to heat of the

adsorption, it can be found from Table 2 that the potassium content of P81 5T were
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the highest but the heat of adsorption was around 36 kJ/mol that was much lower
than P61 2T. The reason might be that P81 5T got much high pore volume and
wide pore size distribution while P81 2T only have ultrafine pores and smallest
pore volume and so the potassium density (potassium content divided total pore
volume) in P61 2T is higher than that in P81 5T. The relationship between
potassium density and heat of adsorption in Figure 9 showed that the heat of
adsorption increased with the increasing potassium density. Meanwhile, the heat of
adsorption of samples with further 48hrs water washing was also measured and a
decrease was observed. The heat of adsorption of sample P71 and P71 5T
decreased from around 36 kJ/mol to about 31 kJ/mol. Hence, it can be concluded
that at low partial pressure and high temperature, exposed potassium on surface can
effectively enhance the surface affinity while the improvement of overall affinity

or heat of adsorption mainly depended on potassium density.
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7.4 Conclusions

In conclusion, N, K co-doped ultra-micorporous carbons were prepared by
chemical activation of compacted polyisocyanurate with KOH. The mechanical
compaction method could effectively develop textural properties especially ultra-
microporosity. It should highlight that the unique combination of ultra-
microporosity and surface chemistry in prepared carbons enabled the record-high
CO> uptake at flue gas condition (40-50 °C and 0.15 bar CO>), which was higher
than any carbon materials from a sophisticated and cost-prohibitive methodology,
zeolites and MOFs. This carbon exhibited fast adsorption kinetics and excellent
stability and regenerability under simulated flue gas condition. Taken with the high
heat of adsorption, the dominant role of surface chemistry in CO; adsorption, were
highly indicative of the significantly enhanced formation of extra-framework
potassium ions leading to the extraordinary surface affinity to CO2 observed for the

prepared carbons.
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Chapter 8 Conclusions and future work

8.1 General discussion

In this PhD project, two kinds of materials, rice husk (typical biomass) and PIR
foam (nitrogen-rich polymer) have been used to prepare carbons using a facile
methodology that effectively integrated carbonization, activation and potassium
intercalation into a one-step process. As discussed in chapter 4 to 7, the samples
prepared by this one-step method showed excellent CO» adsorption capacity. But it
should be noticed that the optimized condition (activation temperature and
KOH/carbon ratio) to prepare CO: adsorbent differed from the precursor or
pretreatment method selected. In other words, the precursor’s chemistry and
internal structure played an important role in designing suitable CO2 adsorbents
especially for post combustion (low partial pressure and high temperature). In this
section, the role of precursor’s chemistry and pretreatment methods in porosity

development and CO> adsorption will be discussed.

8.1.1 Textural properties of samples from different precursors and

pretreatment method

The textural properties and CO; adsorption capacities of selected samples from
different precursors and pretreatment method were listed in Table 8.1. It can be
found that polymer and biomass precursors show differences in KOH chemical
activation under the same condition. In comparison, biomass samples were more
susceptible to KOH attack, the final biomass derived carbon had higher surface area,
total pore volume and volume of ultra-micropores especially at high activation
temperature or KOH/carbon mass ratio. For example, under the chemical conditions
of activation temperature 600 °C and KOH/mass ratio=3:1, rice husk derived
activated carbon had a surface area of 1303 m?%/g and total volume 0.52 cm?/g. For
PIR derived carbon, the surface area and total pore volume were 770 m?/g and 0.33
cm?/g, respectively. It had to say that the composition of precursor significantly
affected the development of porosity. In this project, raw rice husk was directly

mixed with KOH and activated at designed condition. The volatilization of volatile
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compounds in rice husk created excess pore structure and defects that was
beneficial for KOH activation. Meanwhile, compared to PIR polymer, high amount
of molecular level silicon existed in rice husk inner structure, which reacted with
KOH to form soluble potassium silicate and was then removed by water washing
process. As shown in Chapter 4, there was almost linear relationship between
silicon content removed and micropore volume especially ultra-micropore volume.
This is unique advantage of rice husk. Additionally, as for the same precursor, the
pretreatment methods also had significant contributions to the porosity
development, there were obvious differences between samples prepared
with/without pre-compaction. As shown in Table 8.1, sample HC-700-1 and R10T
were prepared under same activation condition (KOH/rice husk=1:1, activation
temperature 700 °C) while the surface area and total pore volume increased from
976 m?*/g and 0.39 cm®/g to 1162 m*/g and 0.69 cm?/g, respectively. Similar trend
was observed for PIR derived carbons. The reason might be that the pre-compaction
changed the initial inner structure of raw materials, lots of interparticle channels or
slits were created during compaction process, which will become pores or help to

create more pores.

Table 8.1 Textural properties and CO: adsorption capacities of selected

samples derived from rice husk and polymer

COz adsorption capacity

Sample SleT Vt(;tal Vm;cro Vmicr03<0.7nm 25 °C (mmol/g)
(m%/g) (cm’/g) (em’/g)  (cm’/g) 0.15bar Ibar
HC-600-1 536 0.24 0.19 0.16 1.58 3.02
HC-600-3 1303 0.52 0.47 0.34 1.50 4.02

HC-700-1 976 0.39 0.33 0.26 1.80 --
R10T 1162 0.69 0.40 0.33 1.80 4.30
FC6001 502 0.19 0.18 0.18 1.89 3.49
FC6003 770 0.33 0.27 0.26 2.02 4.04
FC7001 773 0.30 0.28 0.26 2.30 4.42
P71 2T 1407 0.54 0.51 0.38 2.10 5.10
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8.1.2 CO; adsorption performance

CO; adsorption capacities of selected samples at 25 °C and different partial pressure
were also listed in Table 8.1. The CO> adsorption capacities at 1 bar were generally
following the change of ultra-micropore volume. Sample P71 2T with the highest
ultra-micropore volume overall possessed the highest adsorption capacity 5.10
mmol/g. The micropore volume of sample HC-600-1 and FC6001 as well as
adsorption capacities were the lowest. It was also found that polymer derived
carbons had higher adsorption capacity than rice husk derived carbons with similar
or even slightly higher ultra-micropore volume. But when the partial pressure
decreased to 0.15bar, the trend of CO; adsorption capacity was different from that
of 1 bar. The adsorption capacity of sample FC7001 was much higher than all
samples including samples with much higher ultra-micropore volume like HC-600-
3,R10T, P71 2T. It means that the adsorption performance of carbon samples could
not be solely rationalized by one single parameter but was codetermined by several
parameters. In this project, the role of porous structure and surface chemistry were

investigated.

8.1.2.1 the effect of porosity on CO2 adsorption
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Figure 8.1 Relationship between CO: uptake and ultra-micropore volume of
carbons at 25 °C, 0.15 bar COz: (a) rice husk derived samples without pre-
compaction (b) rice husk derived samples with pre-compaction (¢) PIR derived
carbons without compaction (continued)

- 161 -



CO,uptake (mmol/g)

1.64 P=0.15 bar
T=298 K
R’=0.94

[
T

0.08 0.10 0.12 0.14 0.16 0.18
Volume of micropores (<0.44nm) (cmgfg)

(©)

Figure 8.1 Relationship between CO: uptake and ultra-micropore volume of
carbons at 25 °C, 0.15 bar COz: (a) rice husk derived samples without pre-
compaction (b) rice husk derived samples with pre-compaction (¢) PIR derived
carbons without compaction

As physical adsorbent, porous structure or porosity of activated carbons played the
main role in CO; adsorption. So how to tune the porous structure of carbon
materials to increase the CO» adsorption capacity is the key to their future practical
application. Actually, the CO> adsorption on activated carbon was determined by
the interaction force between CO2 molecule and carbon surface, which originated
from the superposition of weak Van der Waals force generated by the two adjacent
pore walls. It is well known that the Van der Waals force is inversely proportional
to pore radius and decreases with the pore width (Everett, et al., 1976). Therefore,
a critical pore size exists that can exactly keep the CO2 molecule in the pores at a
known condition (temperature and CO: partial pressure), if the pore slightly
expands, the CO, molecule will escape form the pore. The critical pore size can be

a good indicator to help to design carbons.

The critical pore size for post combustion carbon capture were investigated in this
thesis. Figure 8.1 illustrated the relationship between CO uptake and ultra-
micropore volume at 25 °C, 0.15 bar CO; for samples derived from different
precursors and pretreatment method. It can be found that even though the samples
were prepared by using different precursors or pretreatment methods, it came to the
same conclusion that the critical pore size at 0.15 bar CO> and 25 °C was about
0.42-0.44 nm. The correlation coefficient sharply decreased as the increase of pore

size. In other words, pores smaller than 0.44 nm are preferable place for CO»
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adsorption at 25 °C, 0.15 bar. In addition, Chapter 4 and Chapter 6 also reported the
critical pore size at temperature 0 °C, 25 °C and pressure 0.15bar, 1 bar, when
adsorption temperature decreased or CO; partial pressure increased, the critical pore
size increased. So, it means that we can design the adsorbents with specific pore
size distribution to meet the requirement of different conditions. Carbons with ultra-
micropore (<0.44nm) dominated structure are suitable adsorbents for CO; capture
and separation from flue gas. Our results indicated that ultra-micropore (<0.44 nm)
domain structure can be achieved by the mild KOH activation process such as
sample HC-600-2, FC7001, FC6001. It should be highlighted that sample FC6001
possessed pure ultra-micropores (smaller than 0.4 nm), which can be considered as

the CO;, molecular sieve.

Our results also indicated that the pore volume of final carbons increased and the
pore was widened (small pores shifted to big pores) with the increase of activation
temperature and KOH/carbon mass ratio. In Figure 6.2b, the pores centered at 0.4
nm continuously decreased while those centered at 0.55 and 1.1 nm increased in
intensity with the KOH/FC mass ratio. Those carbons might be suitable for pre-
combustion (high CO; partial pressure) carbon capture. Those results provided a

useful strategy to design adsorbents for CO; adsorption under different conditions.

8.1.2.2 the effect of surface modification on CO: adsorption

In addition to the control of pore size, surface modification by incorporating
heteroatom groups into the carbon framework was another method to increase the
interaction force between CO> and carbon surface. CO; is a kind of acidic gase and
at the same time, it has a very large electrical quadrupole moment, which is over
three times higher than that of another main component in flue gas N2 (-1.43+0.06
x103? Cm? vs —4.65+£0.08x107*°Cm?) (Raab et al., 1998), implying that CO
molecules can be preferentially polarized in an electrostatic field. Because of this,
the introduction of N containing groups into carbon materials has been widely
studied as these groups increase the basicity and charge delocalization of the carbon
surface which could enhance selective CO; adsorption (Shen et al., 2013; Sivadas
et al., 2016; Xing et al., 2012; Wang et al., 2011). But till now, the role of nitrogen

in CO; adsorption is still unclear, there are two diametrically opposed views. Some
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of the research believed that nitrogen functionalities could increase the CO> uptake
and heat of adsorption (Sanchez-Sanchez et al., 2014; Sevillaet al., 2011; Fan et al.,
2013; Xing et al., 2012). However, some papers presented that there was no clear
relationship between CO> adsorption capacity and nitrogen containing groups
(Adeniran et al. 2016; Sun et al., 2013; Sevilla et al., 2013). As shown in Table 2.6,
the carbons from nitrogen-rich precursors generally had higher CO; adsorption
capacity than nitrogen-free adsorption capacity, but the adsorption capacity was not

related to the nitrogen content.

In this project, two kinds of materials, rice husk (nitrogen-free) and PIR materials
(nitrogen-rich) were selected as the precursors. Chapter 6 and 7 reported the results
of PIR material derived carbons, the results showed that there was no clearly linear
relationship between CO» adsorption capacity and total nitrogen content or the
content of different nitrogen containing group. Meanwhile, the adsorption capacity
of sample HC-600-2 from rice husk (nitrogen-free) was about 2 mmol/g, which was
higher than most of the carbon materials including nitrogen-doping sorbents. So, it
seems that nitrogen containing groups did not play a key role in enhancing CO:

adsorption.

We found that potassium intercalation, which can easily be achieved via an
innovative chemical activation protocol, can be used as a facile but more powerful
technique to greatly enhance the surface CO; affinity of carbon materials. The role
of potassium on the surface was like the extra framework cations existing in zeolites
and MOFs. Our results showed that the CO> adsorption capacity at 0.15bar and
25 °C increased with the potassium content. And for the first time, the relative
contribution of microporosity and surface chemistry on CO> adsorption were
delineated unambiguously. It was found that up to 50% of the total CO; uptake is
attributable to the unique surface chemistry. Meanwhile, potassium intercalation
indeed increased the surface affinity of carbon to CO», the heat of adsorption was
closely related to the potassium density on carbon surface. Compared to other
carbons preparation and/or surface modification methodologies, alkali intercalation

can potentially serve as a versatile and more effective approach for remarkably
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enhancing CO; capture performance of carbon-based adsorbents from biomass or

polymer.

Usually, modification of the surface chemistry of carbon materials for CO;
adsorption is achieved by doping heteroatoms onto carbon, the heteroatom is linked
to carbon framework by covalent bond. However, the so called ‘change of surface
chemistry by potassium intercalation or zeolitic structure’ in this thesis was not
qualified for this category. There was no strong covalent bond existing between
potassium/zeolitic structure and carbon. It was modification of adsorbent rather
than surface modification of carbons, which was mostly like the relationship
between support and catalyst. Although the support was not involved in the catalytic
reaction, but the properties of support significantly affected the performance of
catalyst. In the same way, the inner structure and chemical composition of carbons
had significant effect on potassium intercalation or zeolitic modification and their
performance, as shown in Chapter 4 to 7, samples prepared under different
conditions showed different degree of potassium intercalation. In other words, the

modified samples can be defined as a kind of nano composite materials.

All in all, the study of porous structure and surface modification on CO> adsorption
in this thesis provided useful data and analysis for the design of new class of carbon

based adsorbents in the future.

8.2 Conclusions

This project aimed to develop carbon-based adsorbents using abundant and easily
accessible materials for post-combustion CO; capture. The specific conclusions

from this work are as follows:

1) For rice husk derived carbons, the textural characterization demonstrates that
these synthesized bio-carbons exhibit exceedingly high ultra-microporosity
accounting for up to 95% of total porosity mainly as a result of the naturally
occurring silicon compounds within the RH molecular framework structures. The
best performing RH carbon has showed exceptionally high and fully reversible CO»
uptake capacities of 5.91 mmol/g at 0 °C and 1.0 bar and 2.0 mmol/g at 25 °C and
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a CO; partial pressure of 0.15 bar. It has been found that up to 50% of the total CO»
uptake is attributable to the unique surface chemistry of the RH carbons, which
appears to be dominated by the enhanced formation of extra-framework potassium
cations owing to the exceedingly high levels of ultra-microporosity and the
presence of zeolitic structures incorporated within the carbon matrices.
Characterisations by EDX element mapping, XPS and the heat of adsorption
measurements confirm the existence of a range of zeolitic entities, which essentially
transforms the RH carbons into a kind of zeolite-carbon nanocomposite materials

with strong surface affinity to COx.

2) In addition to sample HC-6002 (2 mmol/g at 25°C), the adsorption capacity of
other samples prepared under different conditions was very low. In order to improve
the adsorption performance of samples activated at 700 °C, a tableting method was
employed. The results showed that the synthesized carbons from the rice husk under
pressed different pressure exhibited much higher ultra-microporosity, especially in
pores smaller than 0.42 nm, along with a large amount of mesopores. With the
increase in press load, both the surface area and micropore volume increased. High
ultra-microporosity and the unique surface chemistry of samples with pre-treatment
led to exceedingly high CO> uptake, up to 6.80 and 4.50 mmol/g at 0 and 25 °C and
1 bar respectively, and 1.90 mmol/g at 25 °C and a CO; partial pressure of 0.15 bar,
which was much higher than the samples without compaction. Meanwhile, the
compacted samples showed recorded high IS CO2/N; selectivity up to 170 at 25 °C

as well as a high isosteric heat of adsorption.

3) As for the PIR foam precursors, the synthesized carbon foam has shown an
exceedingly high level of ultra-microporosity and unique surface chemistry for CO-
adsorption. The resulting ultra-microporous carbon foam achieved a record high
CO> uptake at 25 °C and 0.15 bar, as well as record high CO2/Nz selectivity among
other reported porous carbon materials and most MOFs. Systematic studies of these
materilas showed that ultra-microporosity and potassium intercalation played key
roles in the CO; adsorption at low partial pressure. In addition, the introduction of
surface potassium containing groups enhanced the surface affinity to CO», resulting

in a high isosteric heat of adsorption of carbon foams. The results also showed that
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the pore structure or the fraction of ultra-micropore volume (<0.5 nm) rather than

the surface chemistry had a significant effect on CO2/N: selectivity at 25 °C.

4) The adsorption performance of PIR foam derived carbons at flue gas conditions
(40-50 °C and 0.15 bar) were also examined. It should highlight that the unique
combination of ultra-microporosity and surface chemistry in prepared carbons
enabled the record high CO, uptake at flue gas conditions (up to 2 mmol/g at 40°C
and 0.15 bar), which was higher than any carbon materials from a sophisticated and
cost-prohibitive methodology, such as zeolites and MOFs. This carbon also
exhibited fast adsorption kinetics and excellent stability and regenerability under
simulated flue gas conditions. Taken with the high heat of adsorption and therefore
the dominant role of surface chemistry in CO2 adsorption, were highly indicative
of the significantly enhanced formation of extra framework potassium ions leading

to the extraordinary surface affinity to CO» observed for the prepared carbons.
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Chapter 9 Future work

9.1 The role of potassium intercalated in carbon

In this project, a novel potassium intercalated carbon adsorbent for post combustion
CO> capture was proposed and studied. It was proven that the exposed potassium
on surface indeed improved the surface affinity to CO> molecules, increasing the
adsorption capacity of carbons especially at low partial pressure. The distribution
of potassium ions on carbon surface was identified by EDX and XPS and the
relationship between potassium ions and adsorption capacity, adsorption heat and
selectivity were also investigated. Even though those experimental results verified
the efficacy of potassium ions, there was no data directly showing the change of
surface due to the introduction of potassium. The potassium ions on surface acted
like the extra framework, similar to those in MOFs or zeolites. It changed the
distribution of electrostatics fields and the charge of surface. For future work, the
surface potential or electrostatics field analysis using Kelvin probe force
microscopy (KPFM) or Electrostatic force microscopy (EFM) will be helpful to

understand the mechanism.

In addition to experiments, molecular simulation by using quantum chemistry
software like Gaussian and Material Studio (MS) is also needed. Gaussian can be
used to analyze the binding energy between CO; and potassium containing groups

while MS can be used to simulate the whole isotherm at different temperatures.
9.2 Study on CO2/N: selectivity

CO2/N; selectivity is also an important parameter for future industrial applications.
In this project, the effect of surface chemistry and porosity on IAST CO2/N;
selectivity of at 0.15/0.85 CO2/N> gas mixture was also investigated. The
preliminary results indicated that the surface chemistry has no direct relationship
with selectivity, while there was an almost linear relationship between the fraction

of micropore volume in pores <0.5 nm, and selectivity. However, only several
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samples were studied in this project. In the future, a detailed study should be carried

out on:

1) the effect of the surface chemistry of N containing groups and potassium

containing groups on CO2/Nz selectivity

2) the effect of the pore structure on selective CO» capture on carbon

9.3 The effect of moisture

Flue gas from a typical coal-fired power plant also contains a certain amount of
moisture, which will affect the performance of adsorbents. Both MOFs and zeolites
show low tolerance to moisture, which were the main drawback for their application.
As for activated carbon, the structure of activated carbon was stable in humid
conditions, but moisture will still be co-adsorbed during the CO» capture process.
Some papers reported that the existence of moisture could marginally affect the
adsorption capacity of carbons. However, the desorption of co-adsorbed moisture
during CO> desorption process is a big concern, which might increase the
requirement of regeneration energy. There was no paper which reported this. So,
more work concerning the effect of moisture should be carried out:

1) The adsorption kinetics of moisture and the effect of moisture on the regeneration
process of carbon, which was important data for processing design of large-scale
applications.

2) Design of activated carbons with hydrophobic surface via surface modification

to reduce the adsorption capacity of moisture.

9.4 Others

Carbon preparation In this work, the activated carbon based CO; adsorbents were
prepared based on fixed activation time 1 h based on references (Liu et al., 2015;
Lozano-Castello et al., 2001; Zhang et al., 2013; Tseng & Tseng, 2005). Actually,
activation time was also an important parameter for the development of porous
structure. The increase of activation time increased the reaction time between KOH
and carbons and so, the pore volume and surface area increased (Zhang et al., 2013).

However, the volume and surface area of the micropores decreased dramatically if
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the activation time was too long, which was attributed to the collapse and widening
of pores and the decrease of porosity (Tsai et al., 1998). So the study of the effect
of activation time on porous structure development and CO, adsorption should be

carried out in the future.

CO2 capture In this project, a mixture of CO2/N> gas rather than real flue gas was
used. For future work, the effect of impurities in flue gas on CO; adsorption should
also be investigated. Furthermore, fixed bed or fluidized bed tests should be done

in order to obtain valuable data for industrial applications.
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