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ABSTRACT

Increased carbon dioxide (COz) emissions across the globe, and the resulting atmospheric
levels, have become the subject of many scientific studies in recent times. Managing and
reducing CO2 emissions has remained a challenge for scientists and researchers in carbon
capture science, despite technology advancements. Although recent technologies deployed
suggest an improvement from the classical approaches, there is a need to explore other
alternatives to optimise process performance and to reduce the cost of carbon capture and

sequestration processes.

In this study, torrefaction technology was employed to develop ‘torrefied carbon’ using
renewable carbonaceous materials, such as Iroko (IR - hardwood) and Scottish Pine (SP -
softwood), for CO2 capture from the combustion stacks of coal-powered plants. The study was
divided into two parts: (a) developing the torrefied carbon using selected torrefaction
conditions, at temperatures of (290 °C, 320 °C, 350 °C and 380 °C), a residence time of 60
min and heating rate (10 °C min't), under CO2 atmosphere. The second is testing the torrefied
carbons for CO: adsorption potential and cofiring applications. The physicochemical
characteristics of the torrefied carbons, such as hydrophobicity, calorific values and ultimate
analysis, as well as the torrefaction performance indicators, such as energy gain, energy
consumption, mass density and mass yield, amongst others, were assessed, allowing the fuel
quality and potential use of the torrefied carbon once entirely spent for CO2 capture in same

power plant to be evaluated.

Given the results obtained, the torrefaction performance indicators showed there is energy
gain for the selected torrefaction conditions. The highest energy gain values of 104 and 102
were found for the SP and IR, respectively, at the torrefaction condition of 320 °C, at a
residence time of 60 min. The calorific values of the torrefied carbons developed at 320 °C
and 350 °C, where - IR (26.49 MJ kgt and 26.75 MJ kg*) and SP (26.13 MJ kgtand 29.12
MJ kg?), respectively, which were higher than those of the low-ranked coal (23.20 MJ kg™)
investigated. For the adsorption studies, the torrefied carbons developed at 350 °C showed
the highest CO: adsorption capacity for both IR and SP carbons. The thermodynamic study of

the COzadsorption using the Langmuir and isosteric heat of adsorption suggests the existence



of heterogeneous surface sites' on the torrefied carbon surfaces. The COz adsorption shows
low heat of adsorption, given the values of the isosteric heat, for IR320 (-45 KJ mol?t), IR350
(-58 KJ mol?1), SP320 (-28 KJ mol!) and SP350 (-41 KJ mol?), an indication that the CO2

adsorption process is governed by physisorption.

The kinetics of the CO2 adsorption of the torrefied carbons followed the Double Exponential
Model, described by two distinct rate-determining steps. The rate of CO2 adsorption on the
torrefied carbons appeared fast, given the equilibration time of an average of < 8 min for the
IR and 11 min for the SP carbon, suggesting that the short time of equilibrium based on the
Pressure Swing Adsorption process indicates a good potential from the materials on a kinetic
basis. Within the study context, it was determined that the torrefied carbons could be employed
for cofiring in coal-powered plants following a CO: capture process. Although the structural
features exhibited by the torrefied carbons were not fully explored in this work, due to the
research limitations, the study opens up an opportunity into the potentials of torrefied carbon

utilisation as a cost-intensive alternative in CCS applications.
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Chapter 1 : INTRODUCTION

1.0 Overview

As the global energy demand continues to increase, concerns around climate changes have
motivated many researchers to seek new ways of developing energy-efficient processes with
minimal Carbon dioxide (CO2) impact on the environment. With fossil fuels dominating the
primary energy source, accounting for about 81% of the global energy production mix, it is
accompanied by a release of ~ 30 x 102 kg of CO2 annually [1]. According to a study by Le
Quéré et al. in 2017, China, the United States, India and the 28 EU countries alone account
for ~ 59% of the global CO2 emissions, with China commanding 27% of this share [2]. As a
result, it is evident that there is an urgent need to shift global energy production towards low
carbon alternatives. Although many of the World’s energy governing bodies have made
collaborative efforts to encourage the use of clean process technologies, future forecasts still
favour the use of fossil fuels in the short term. The reliance on the use of fossil fuels-based
technologies has been attributed to the favourable levelised cost of electricity, representing
the average price an electricity-generating asset must realise when deployed in the market to

break even over its lifetime [3].

A thorough scientific assessment of future climate conditions has also shown that climate
change due to greenhouse gas (GHG) emissions is real and have attributed this to human
activities, which could pose significant dangers if unchecked. Given the current trends, and to
contain the increasing GHG levels, while encouraging the use of fossil fuels, a promising
alternative is to capture COzemissions from large stationary sources for subsequent geological
storage. Although a number of natural sinking measures for CO2trappings, such as forestation
and ocean utilisation, have helped reduce CO: levels in the atmosphere, capturing COz from
industrial sources has become the leading option due to a need to prevent significant CO2

emissions large point sources.

High CO:2 emission in industries has been contained by a process known as Carbon Capture
and Storage (CCS). This process entails using sorbent materials with an affinity for CO2 and

with the tendencies to capture COz gas from emission points when loaded in the CCS unit of



an operational coal-fired power plant. More so, for enhanced CO:2 capture performance, the
sorbent material must meet certain conditions of the flue gas emitted from the stacks of coal
combustion systems. Also, given that coal is an impure hydrocarbon composed of varying
heteroatoms and inorganic components depending on the source, its combustion will emit
different fractions of gaseous and solid products. The CCS unit's location for flue gas pre-
treatment processes will also affect the extent of CO2 separation [4]. An example of flue gas

composition emitted from a coal-fired power plant in operation is shown in Table 1-1.

Table 1-1- An example of flue gas composition from a coal-powered plant and the plant’s operating

condition [4]
Component Flue gas (pre-treatment)
N2 75-80%
CO2 12-15%
SOz 1800 ppm
NOx 500 ppm
H20 5-7%
02 3-4%
CcO <100 ppm
Hg/As ppb
Particulates 10-20 mg Nm3
Pressure (mbar) 0.1
COg2 partial pressure (mbar) 0.012-0.015

Based on flue gas composition, sorbent materials are required to have the potential to desorb
captured CO: at relatively low regeneration energy. They should maintain high CO2/Nz
selectivity, with good CO: adsorption capacity, at conditions such as 0.15 bar and 40 °C,
considered relevant for post-combustion CO: capture [5]. Presently, the mechanism of CO:2
capturing under the flue gas operating conditions remain a challenge in practice, as there is

yet to be developed sorbent material that could perform optimally under these conditions.
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Although a wide range of sorbent materials have been developed and tested for application in
different post-combustion CO: capture schemes, the achievement of optimum performance
still poses a challenge for researchers in the field of carbon capture science. Therefore, this
research aims to characterise a class of renewable sorbent material developed for CO2capture
applications in a CCS unit integrated into a coal-powered plant. To appreciate where this work
will have an impact, it is necessary to understand the science of COz and how this fits into the

global and industrial context.

1.1 The science of CO,, greenhouse effect and global warming

Carbon dioxide, identified in 1750 by Joseph Black, a Scottish scientist, was characterised as
an odourless, colourless, slightly acidic and non-flammable gas [6]. As a gas, the triple-point
behaviour suggests that beyond the critical points of 72.8 atm (73.76 bar) and 31.1 °C (304.25
K), COz2 neither exists as a pure liquid or gas (i.e., it becomes indistinguishable), as shown in

the phase diagram, Figure 1-1.
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Figure 1-1- Phase diagram of pure CO2[7]



By contrast, in the solid-state, CO: is referred to as ‘dry ice’, with its Lewis structure showing
how two oxygen atoms bonded to one carbon atom at an angle of 180 °[6]. Also, the negative
charge of the oxygen atoms from the CO2 molecules is evenly distributed around the ground
state's carbon atom. With the electronegativity value of oxygen being 3.5 and that of carbon
2.5, this results in a net electronegativity value of 1 [8]. Therefore, by summing the bonds
polarity vectors, with each pointing in the direction of the two oxygen atoms, this cancels out,
resulting in a zero dipole moment. It is due to this reason that CO: is considered a non-polar

molecule.

Furthermore, the way in which electrons distribute symmetrically across the bonded atoms of
the CO2 molecule causes it to interact with infrared radiation [10]. CO2 has a strong radiative
forcing (RF) (i.e., ability to trap emitted radiation), which accounts for its capacity to influence
the atmospheric energy balance. The RF measures the difference between incoming solar
radiation and outgoing infrared radiation as a function of the GHG concentration, its warming
capacity, residence time and spatial distribution [9]. Any variation in these factors beyond
acceptable limits can result in the cooling or warming of the atmospheric energy [10]. The
warming or cooling capacity shows the potency of an emitted gas to act as a GHG. Aside from
COq, other GHGs such as methane, ozone, nitrogen oxides, and several halogenated
compounds also contribute to the trapping of converted heat introduced by sunlight, due to
their warming effect and longevity in the atmosphere, and helps keep the Earth warm, via a
phenomenon known as the ‘greenhouse effect’ [6]. The greenhouse effect is, by means, a
natural way in which the Earth regulates its temperature, without which it would be covered in
a pool of ice. However, due to rapid global industrialisation, albeit other artificial addition of
GHGs into the environment, researchers have reported that CO2 contributes ~ 60% to global

warming [6].

Svante Arrhenius, a Swedish scientist, was the first to suggest a link between CO2 emissions
and global warming, as evident in his paper titled ‘On the influence of carbonic acid in the air
upon the temperature of the ground’ [11]. At the time, he opined that the Earth’s average
surface temperature was around 15 °C due to infrared absorption of water vapour and CO2

presentin the atmosphere, which could potentially increase proportionally with CO2 emission
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levels [11]. Although his findings were not convincing at the time, due to a belief that other
natural phenomena, such as solar activity and ocean circulation, could cancel out CO:2
pollution, in the late 1940s, using infrared spectroscopy, CO:2 contributions to global warming

were generally accepted [11].

1.2 CO, emission sources and the global drive towards meeting emission
reduction targets

Although notable emission sources of CO:2 have mainly been associated with energy
generation activities in the power sector, those from other anthropogenic sources, such as
organic waste disposal, deforestation and land-use changes for agricultural purposes, also
contribute significantly [12]. As of 2013, two sectors, namely-electricity/heating and
transportation, have accounted for about two-thirds of the total global CO. emissions, as

shown in Figure 1-2.
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Figure 1-2-Global CO2 emissions according to sector [13]

According to the International Energy Agency (IEA) report of 2019, energy demands across
the globe increased by 2.3% from the previous year, showing as the fastest pace ever
recorded in past decades. The increase has been associated with the robust growth in the

global economy and the stronger heating and cooling demands from a number of countries



[14]. Consequently, CO2 emissions increased by 1.7% to 33.1 gigatonnes (Gt), with coal
utilisation for power generation surpassing 10 Gt, accounting for 30% of all energy-related CO2
emissions [14]. Fossil fuel utilisation for energy production has dominated the power
generation mix over the past decades, given their proven reliability, flexibility and having been
considered as an economical means of energy production. Although fossil fuel usage may
drop slightly in coming decades, given recent developments of other cost-effective energy
technologies, there is a need to decarbonise the existing energy mix, by promoting less

carbon-intensive alternative energies.

However, given the current standpoint, the implementation of existing alternatives may
become a daunting challenge. The IEA has warned that, by 2050, it would be beneficial to
reduce CO:2 emission from all energy-related processes to half their 2007 figures (29 Gt CO:
yr1) [15]. Also, following the Organisation for Economic Co-operation and Development
(OECD) baseline, the forecasted GHGs concentration worldwide is expected to reach
approximately 685 ppm by mid-century and more than 1000 ppm by 2100. Additionally, the
COz2 level has been projected around 530 ppm in 2050 and 780 ppm in 2100 [16]. More so,
with the IEA’s ‘450 ppm’ proposal, being the maximum allowable CO2 emissions necessary to
meet the Conference of Parties (COP)-21 and the Paris Agreement objectives, a recent report
by Muna Loa laboratory, shown in Figure 1-3, suggests that the average ambient

concentration of CO2z as of October 2020 is ~ 412.04 ppm [17].
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Figure 1-3-Atmospheric CO2 concentration as of October 2020, adapted from Scripps Institution of

Oceanography, UC San Diego [17]

The 412.04 ppm level shows that CO2 concentration in the atmosphere is increasing and may
reach 570 ppm earlier than predicted by the Intergovernmental Panel on Climate Change
(IPCC) [18]. The increasing trend of CO: into the atmosphere had also been investigated in a
study by Le Quéré et al., where a comparative analysis of yearly average anthropogenic CO:
emission and other natural sinking measures showed an apparent discrepancy [2]. However,
based on the discrepancies in COz imbalance, several changes have been witnessed across
the globe, with recent happenings including; a rise in sea levels, propagating flooding [18];
poor cropping due to the Earth’s rising temperatures, and reported extinction of several animal
species occasioned by extreme weather conditions, amongst other devastating effects

imposed by these conditions [12].

Due to the impacts of CO2 emissions on human and natural systems, the United Nations (UN)
and the World Meteorological Organisation founded the IPCC in 1988 [19]. The UN, through

her United Nation Framework Convention on Climate Change (UNFCCC), aligned with the



visions of the Kyoto Protocol Accord, where 37 nations signed into the first truly global
emission reduction commitment to reduce their country’s 1990 CO2 emission levels by 5%,
from 2008 to 2012 [20]. Following this, in 2015, at the UN climate change conference held in
Paris, 197 parties further committed to a new ‘Paris Agreement’, with a common purpose to
reduce the global temperature to well below 2 °C, and to drive commitments that would limit
future rises [19]. In this agreement, individualised targets were set out for the participating
countries based on their economic strengths. Despite the agreement put in place, only 30
metric tonnes of annual CO2 capture has been reported from all industrial activities as of 2017
[21]. As of 2017, the commitments from the 197 countries to contain their CO2 emissions have
been weakened by the United States decision to withdraw from the international climate

change pact, despite being the world’s second-largest CO2 emitter [22].

Based on the preceding information, it is now evident that there is a need to review CO:z capture
technologies currently being employed across the industry. Researchers have already
suggested three effective means: making energy production processes more efficient,
promoting the use of renewables, and adopting the CCS application [23] [24]. Furthermore,
based on a combined report of a study by the IEA and the OECD, regarding scenario 2050
predictions, energy efficiency improvements and CCS implementation have been highly
recommended [25]. However, with the high cost of CCS implementation, contrasted with
associated economic benefits, reducing the cost of CCS has become imperative and is the

focus of this research.

1.3 CO, capture technologies and challenges pertinent to existing capture
technologies

In industry, capturing CO2z emissions from different industrial sources can be undertaken in a
range of capture contexts, thereby preventing CO: entry into the atmosphere. The choice of
capture alternative depends on the nature of the industrial operation, but generally, the activity
accounts for ~ 70-80% of the entire capture and sequestration costs [26]. Nowadays, three
capture routes commonly employed in the industry are - Pre-combustion, Oxyfuel combustion

and, Post-combustion capture, as described in Figure 1-4.
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Figure 1-4-An overview of types of COz capture processes [24]

Although these capture routes have been employed in various applications, they are
associated with individual advantages and disadvantages, which have become the focus of
many research studies. Following CO2 capture, subsequent stages entail the transportation
and compression of captured CO: via pipelines to safe underground storage sites where they

may find usefulness for other industrial purposes.

1.3.1 Pre-combustion carbon capture

Pre-combustion capture is characterised by a relatively high-pressure process, during which
CO:2 capture begins with the conversion of primary fuels by gasification into a synthetic gas-a
mixture of carbon monoxide (CO) and hydrogen (Hz). The primary fuel conversion process
aims to generate Hz but is accompanied by ~ 10 tons of CO: per ton of Hz being produced [27].
The initial products (CO and Hz) undergo a water-gas-shift reaction with steam, from where

CO:z is produced and captured, leaving behind a rich source of Ha.
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Pre-combustion capture processes can be scaled to meet intended process objectives.
Trending research efforts on the pre-combustion capture process now focus on improving the
catalyst efficiency of the water-gas shift reaction for more H2 and CO:2 production, and also
reducing the energy penalty associated with the process. Also, given that CO: separation
occurs under high-pressure, pre-combustion capture processes incur reduced energy
penalties (~ 20%), compared with those of post-combustion capture (~ 30%), even at 90%
COz recovery. This has been attributed to the low volume flow rates of the CO2 emission flux
pressure from the combustion systems [28]. For pre-combustion capture, the increased
concentration of CO2in the flue gas stream contributes to lowering the energy penalty of the

process by ~10 -16%, almost 50% that of post-combustion capture processes [28].

1.3.2 Oxy-fuel combustion capture technology

In oxy-fuel combustion capture, the process employs pure oxygen (~ > 95%) in place of air for
primary fuel combustion. Pure oxygen utilisation facilitates complete combustion of the fuel,
producing H20 and CO2, with high CO2 concentration generated in the product stream, with
zero nitrogen. With high CO: level present in the product stream, its separation becomes much
easier, as water vapour, produced alongside, would be removed by cooling [28]. The
introduction of oxygen in this process may demand a stand-alone air separation process unit

for Oz production, which would make the capture process more costly.

Oxy-fuel combustion capture systems can capture nearly 100% of CO: in the product stream
due to the absence of nitrogen in the combustion product stream. An integrated cooling system
employed for water vapour removal from the product stream accounts for the separation
process's lower energy requirement. An innovation, known as chemical looping oxy-
combustion technology, has recently been considered a competitive means of lowering the
energy penalty associated with oxyfuel CO2 capture processes [26]. The chemical looping
employs metal oxide particles for selective oxygen transport from the combustion air reactor

to a fuel reactor, where CO: is separated.

10
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1.3.3 Post-combustion capture technology (PCCC)

Post-combustion capture describes CO:2 capture from a combustion flux, a process often
referred to as an ‘end of pipe’ solution for CO2 separation. It requires the integration of a
Carbon Capture Unit (CCU), where COz:is captured at up to 80-90% recovery using wet or dry
sorbents [27]. The wet process is mainly employed for the PCCC, given the propensity to
accommodate large flue gas emission fluxes, with variable CO2 gas density, where the CO:
fraction in the flue gas is up to 10-15% [26]. A typical benefit of PCCC is that most by-products
from combustion, such as NOx, SOx, and water vapour, are removed from the flux before CO2

capture.

Although the cost of PCCC operation may seem high, due to the incorporation of certain pre-
treatment processes, like desulphurisation, necessary before the CO2 separation, the energy
penalty associated with such routes has been reported to be ~ 25-35% of the entire CO:2
separation cost [27]. With such incurred energy penalty, the effect would be an increase in the
cost of electricity generation, due to loss of net power plant efficiency by ~30%, with a further
reduction of the power plant’s efficiency by ~11% [27]. As PCCC allows for retrofitting to both
new and existing power plants without affecting the plants’ operations, another significant
challenge for sorbents is the inability to process high emission flux, resulting in low separation
efficiency. Therefore increased purity of the flue gas is necessary to lengthen sorbent usage;

in most cases, SO2 and NO:2 values < 10 ppmv are recommended [27].

1.4 CO;capture applications based on post-combustion capture technology

As the PCCC method is the focus of this research, a review of the COz capture technology is
necessary to understand the advantages and disadvantages of their application in the industry.
PCCC is an easily applied technology for existing CO2 emission sources and may allow for the
use of wet and dry sorbents for CO2 separation. There are five main techniques for CO:2
separation: chemical and physical absorption/adsorption, membrane separation, and
cryogenic separation. These techniques are still in use in industry, as shown in Figure 1-5 and

are discussed in the next section.
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Figure 1-5- Post-combustion capture technology applications [26]

1.5 CO; capture by absorption

CO2 capture by absorption mechanism suggests a wet process, using a physical (when
absorption occurs without chemical reaction) or chemical (where a chemical reaction is
required, and new chemical compounds are formed) method. Chemical methods are more
prevalent in the industry and are employed in processing large-scale CO2 emission sources
with high or low CO:2 partial pressures [26]. A comparative analysis of the two methods is
shown in Table 1-2. The most dominant process used in the industry is due to economics and

a few disadvantages discussed in the next section.
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Table 1-2-Comparison of chemical and physical absorption

Chemical absorption

Physical absorption

High absorption heat is required

Low heat of absorption is common

Increasing absorption temperature
achieves desorption, and where the
the reduction

pressure is high,

applies.

Desorption is achieved mainly

through the reduction of system

pressure (i.e., flashing) or by

additional heating of the solvent

Ability to reduce the acid gas level to

a minimum

Removal of acid gas is limited to some

extent

Absorption is unrestrained by the | Absorption capacity depends on the

partial pressure of the feed gas feed gas partial pressure.

1.5.1 Chemical absorbents

1.5.1.1 Amine solvent CO, absorption capture

Typically, CO2 absorption, employing amine solution, requires an absorber and a stripper unit,
where COzq rich flue gas is contacted with an amine solution in a column counter-current
fashion, as shown in Figure 1-6. Across the industry, the feed gas is usually fed at a

temperature of ~ 40-60 °C, while CO2 desorption occurs at ~ 120-140 °C [29].
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Figure 1-6-Process overview of monoethanolamine (MEA) CO2 scrubbing process [29]

Amines that are commonly employed for CO2 absorption are a class of alkanol amines,
namely-primary MEA, secondary (diethanolamine-DEA) and tertiary forms (N-methyl
diethanolamine-MDEA), with each containing a minimum of one (OH") and an amine group
[30]. The CO:zreaction affinity of these amines are in the order of primary > secondary > tertiary
[31], while their respective loading efficiency is tertiary > secondary > primary [30]. Bishnoi
and Rochelle validated the loading capacity of the tertiary amine on CO2. They reported a
capacity of 1 mol of CO2 mol?! of amine, while those of the primary and secondary amine fall

within the region of 0.5-1 mol of CO2 mol* of amine [31].

During CO:2 capture using MEA, the CO: being an acidic gas, acts as a solute while reacting
with the amine, acting as a Bronsted base. With a saturated hydrocarbon bonding of the amine
/ OH group, the amine compound donates a lone pair of electrons from its nitrogen species to
the carbon atom of the CO2 molecule. The chemistry of the ionic speciation equilibria, following
the disassociation of the CO: in the aqueous amine solution, as described by the Zwitterion
mechanism, results in a stable carbamate compound being formed, as represented through

Equations 1.1 to 1.4 [31] [29].
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RR,NH + CO, < R,R,NH*COO~ (zwitter ion) Equation 1.1

R,R,NH*COO~ + CO, + R,R,NH < R,R,NCOO~ (carbamate) + R,R,NH} Equation 1.2

2R,R,NH + C0, & (R,R,NH;)(R,R,NCOO™) Equation 1.3

R,R,NH + CO, + H,0 & (R,R,NHF)(HCO3) Equation 1.4

The Zwitterion mechanisms for the primary and secondary amines were initially proposed by
Caplow in 1968 [32], while Donaldson and Nguyen found the tertiary reaction scheme [33].
These primary and secondary reactions, which occur sequentially, trigger ammonium
carbamate formation under anhydrous conditions and further convert the carbamate to
bicarbonates following a hydrolysis reaction [31]. More so, given the amine behavioural
differences, other compounds with steric characteristics, such as the 2-amino-2 methyl-1-
propanol (AMP), whose amine groups are attached to the secondary or tertiary carbon atom,
has been considered as an alternative for CO2 capture. The AMP's affinity to reduce
carbamate stability creates room for its hydrolysis into bicarbonate formation [31]. The
hydrolysis is a function of chemical stability, controlled by system temperature and molecular
structure, and it helps to free more amine molecules for further reaction with more CO: to

enhance equilibrium loading [29].

Although amine-based solvents have proven effective for CO2 capture applications, they are
fraught with several drawbacks, including capacity loss over time, corrosion of system pipings;
reduction in net plants’ efficiency; and a significant increment in electricity cost [23]. Also,
different degradation forms experienced, such as thermal, oxidative and carbamate
polymerisation, have been reported [29]. Thermal degradation has been noted to occur within
the stripping unit of an absorber. It is occasioned by the high operating desorption temperature,
resulting in amine chain by-products formation. The oxidation degradation resulting from
oxygen (often > 5%) in the flue gas dissolving into the amine solvent creates some by-products
like oxalate and hydroxyethyl [34]. Additionally, the carbamate degradation triggered by the
high-temperature exposure of the amine solution at the stripper unit during regeneration may

lead to the formation of 2-oxazolidone. And upon further reaction with the MEA, it produces 1-
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(2-hydroxyethyl)-2-imidazolidone and other species, like dihydroxyethylurea and N-(2-

hydroxyethyl)-ethylenediamine [35].

All these by-products affect the performance of MEA to capture more CO2 with time, thus
requiring fresh solvent make-up to compensate for the natural decay. Additionally, according
to Arnold et al., ~ 2.2 kg of MEA is needed to capture 1 ton of CO2[36]. A techno-economic
and environmental assessments carried out by Rao and Rubin suggest that, if an aqueous
MEA of 30 wt % is used for CO2 capture from a coal-fired power plant, about 80% increase in
electricity cost is likely, with the energy demand estimated at around 4.2 GJ tonne of CO2
capture [37]. This, therefore, calls for the development of alternative processes to further
reduce the energy spent during CO: regeneration processes compared with those of MEA

technology.

1.5.2 Physical sorbents

1.5.2.1 Selexol process

The Selexol process is one of the physical methods employed for CO2 and H2S separation
from flue gases containing large concentrations of these acidic gases. In this process, CO: is
captured without a chemical reaction taking place. The solvent often used for the process is
the dimethyl ethers of polyethylene glycol (DMPEG) [CH3(C2H4O)nCHzs], acting as a weak

Lewis base, where the value of n varies from 2 to 9 [38].

According to Burr and Lili, DMPEG can work efficiently for CO2 absorption within a temperature
range of -18 °C to 175 °C [38]. During the process, CO: separation is achieved by a two-stage
configuration of two absorber and stripping units. The solvent enters the first absorber at
temperatures below ambient, where HzS gas is scrubbed and, after stripping with steam, the
second absorber removes COz, before solvent regeneration. Alternatively, the CO: laden
solvent may be subjected to several flashing stages (pressure reduction) to enhance its bulk
removal, resulting in complete CO2 desorption due to its reduced solubility under low patrtial

pressure conditions of the DMPEG [38].
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The merits of DMPEG use are its low vapour pressure, less toxic nature, and the ability to
tolerate moisture in the flue gas; hence, no heat or water wash is necessary for solvent
recovery [30]. Secondly, on account of the high viscous nature of DMPEG in low-temperature
environments (5.6 cp at 25 °C), the CO2 mass transfer efficiency within the absorption system
may be limited, given that reduced temperatures favour gas solubility in physical solvents,
which may be a disadvantage [38]. The related energy consumption associated with this
process has been linked to power, heating, and cooling systems demand valued around
0.1080 kWh kg CO2, 0.2238 kWh kg* CO2 and 0.5590 KWh kg COz2, respectively, with the

difference accounted to other auxiliary equipment [39].

1.6 CO, capture by adsorption

CO2 capture by adsorption mechanism suggests using solid-based materials, where
adsorption occurs by physical or chemical processes. In chemical adsorption, bonds are
formed when CO2molecules interact physically or chemically with the solid sorbent. Adsorption
processes are attractive for CO2 separation, and the advantages they offer include; no liquid
waste products, and the sorbents have low influence of contaminants, like SO2, H20, on
separation. Although many adsorbents have been discussed in the literature, some of the
sorbents shown in Figure 1-5 are commonly employed for commercial applications and are
presented in the next section. The physical sorbents interact with COz, with their adsorption
process governed by the van der Waals weak intermolecular forces. The chemical sorbents

are those propelled by chemical reaction forces, dominating during the CO: capture process.

1.6.1 Physical sorbents

1.6.1.1 Activated carbons

Activated carbon (AC) represents one of the classical forms of carbonaceous adsorbents that
have found application in both medicine and fluid mixture separation. They are considered
safe and relatively low-cost, given their origination from sources like tree barks, coconut shells,

woody biomass, straws, etc. [40]. In industry, they are synthesised by employing physical or
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chemical methods involving two-step developmental processes: carbonisation and activation.
The physical method entails partial carbonisation of the precursor materials, at temperatures
<764 °C, and under an inert atmosphere, resulting in a rudimentary porous body of the parent
material [41]. This is followed by thermal activation of the carbonised material using oxidants
like steam or CO: at temperatures between 764-1000 °C, to aid enlargement and narrowing

existing pores within the carbon structure [41].

By contrast, chemical methods employ chemical agents, such as acids (H:PQO4) or bases
(KOH) as activators (to avoid tar formation), for the activation processes, after carbonisation
of the precursor materials at temperatures ranging from 400-800 °C [41]. Although these
agents have been effective as activators, several studies have shown that specific agents,
when utilised at varying proportions, can alter the physicochemical characteristics of the AC
developed [42]. An instance is a study carried out by Hayashi et al., where AC was produced
using potassium hydroxide (KOH) as an agent, resulting in an AC with surface areas >1000
m2 g1, however, such a process comes with significant environmental and corrosion

consequences to the process systems [43].

Despite the challenges associated with AC's production with uniform pore characteristics [44],
other issues remain the high energy consumption during the development process owing to
dual thermal stages. Several researchers have opined that an energy reduction is likely where
a one-step activation process is employed [45]. However, from the context of CO:z capture, the
importance of surface chemistry has been shown, by incorporating certain functional groups
via impregnation on the AC surface during activation, to enhance CO:2 capture affinity. This
evidence has been validated in a number of studies, where metal oxides, amines and nitrogen
modified ACs, promoted CO: adsorption capacity via electrostatic interaction, though at the
expense of a reduction in porosity of the AC, where the agents are not uniformly dispersed

onto the carbon surface structure [46].

Given the above, it is evident that carbonisation and activation processes promote porosity
formation in AC, explaining the increased van der Waals forces exhibited by AC in physical
adsorption scenarios. However, weaker interactions are also expected when employing

untreated AC due to low surface areas and porosities. As a result, since COz: is an acidic gas,
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capturing the gas using AC would be enhanced by introducing basic functionalities onto the

AC surface to provide anchoring sites for CO: attraction.

1.6.1.2 Zeolites

Zeolites are microporous crystalline forms of aluminosilicate originating from alkali or alkali
earth metals and are synthesised for different industrial applications. Zeolites are
characterised by interconnecting pore channels in cages of sizes between 0.5 -1.2 nm, that
occlude gas diffusion [47]. The structure consists of tetrahedra of SiO4 and AlO4, assembled
into polyhedral building units, where the silicon and aluminium atoms reside at the polyhedra
corners, encircling oxygen (O) atoms [48]. This assemblage results in a three-dimensional
framework, whose tetrahedrons can be tuned by altering the Si/Al cation ratios or exchanging
the (Si** and AI**) in the zeolite [30]. The size of a zeolite cage depends on the type of
exchange cation, and the number of oxygen atoms shared in the tetrahedral, as both influence
zeolite adsorption properties. Researchers have reported that cation types, such as Si, Li, Al
and Na, can influence the heat of CO2 adsorption with increasing monovalent charge density

[49].

The employment of zeolites for CO2 capture, particularly those of NaX, zeolite 13X and zeolite
5A, are used as a benchmark for the performance of newly developed adsorbents [5]. Their
preference is due to their molecular sieving behaviours, and the high electrostatic affinity for
CO2, with up to 5.5 mmol g of CO2 adsorption capacities reported [47]. According to a study
carried out by Jadhav et al. on modified zeolite 13X with MEA, amine impregnation results in
increased CO:2 adsorption at 30 °C by a factor of 1.6, compared with an unmodified zeolite,
thus explaining the roles of surface agents and cationic effects on the zeolite structure [50].
Despite zeolites being proven to offer certain advantages for CO2 adsorption, key drawbacks
have been identified, including low CO:2 capture and selectivity over nitrogen in post-
combustion capture scenarios [30]. These behaviours have been linked to CO2/N2 competition
for adsorption sites in zeolite pore channels, as the kinetic diameters of CO2 (0.33 nm) and
nitrogen (0.36 nm) are too close to permit distinct separation [51]. Also, with water vapour

presentin flue gases, this limits the adsorption capacity of zeolites for CO2, due to the tendency
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of H20 molecules to compete on adsorption sites, as they bind to the cationic species, thus

limits COz access to pores due to reduced electrical field gradient within the cages [51].

Wang et al. also studied the effect of moisture on hydrophilic zeolites, such as NaX, where
COzadsorption capacity was reported to decrease by 60% upon loading of the zeolite with 3.4
mmol of H20 g~ [52]. Also, in a recent study by Beltrao et al., on zeolites derived from coal
ash for COz2 capture; the zeolites exhibited high affinity for CO2 and water [53], inferring that,
with the presence of moisture, alongside captured CO2, this may increase regeneration
temperatures to above 300 °C [30]. This characteristic of hydrophilic zeolites contrasts with
the hydrophobic version due to their higher Si to Al ratio, where CO: separation has been
reported to consume a lower amount of energy, e.g. 0.13 GJ tonne-! of CO: uptake for zeolites
configured in hollow fibre membranes [54]. Furthermore, given that most COz adsorption with
zeolites is executed under pressure or vacuum swing adsorption processes, pressures above
2 bar have been recommended as suitable for usage; however, this may also require higher

regeneration energy demand, leading to substantial process energy losses [51].

1.6.2 Chemical sorbents

1.6.2.1 Amine functionalised Metal-Organic Frameworks (MOFs)

The use of Metal-Organic Frameworks (MOFs), an inorganic-organic hybrid material for CO2
capture, has attracted considerable attention over the years, after their initial proposal by the
Yaghi group [55]. They are a family of crystalline porous and non-porous materials that result
from the coordination of metallic clusters (inorganic) and basic organic groups, called ‘linkers’
[47]. Their structures are such that they possess open metal centres. However, a number of
MOFs are non-porous, and the attributes are related to the intertwined nature of the organic
constituent and metallic ions coordination. The synthesis process of MOFs allows for tunability
of the geometry, sizes and functionalities, which have resulted in the development of many
different types of MOFs, with remarkable adsorption properties and surface areas ranging from

1000-10000 m2 g~ [56].
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Adsorption sites in MOFs can be enhanced by using slim organic linkers, compared with bulky
ligands. The slim organic linkers can create smaller pore networks that favour gas adsorption
[56]. However, despite using slim linkers, which yield high MOF porosity, fragile frameworks
may also become evident due to large void space creation [56]. This may arise from the
incompatibility of selected chemical groups to satisfy MOF coordination conditions [57]. MOFs
have been reported to exhibit high COz adsorption capacity, especially when dealing with pure
CO2 adsorption systems, even at high pressures. Additionally, their adsorption capacity
reduces when exposed to gas mixtures and flue gases from power plants, owing to the low
partial pressure nature of the flue gas stream [26]. Also, recent studies on CO: capture from
flue gas have shown that MOFs are reactive to moisture present in flue gases, and may lose
mechanical strength and durability over time, and, based on the high cost of their manufacture,

this limits their application in PCCC [30].

It has also been suggested that the introduction of chemically functionalised groups into a
MOF structure can create a composite solid with an affinity to adsorb weakly acidic CO2. The
chemical functionalisation is viewed as offering the possibility of a donor-acceptor relationship
between the MOF and the CO2. The chemical groups can be incorporated into the MOF
structure by direct functionalisation or post-synthesis via grafting techniques [58]. Lin et al.
employed a direct synthesis method to incorporate an amine group onto MIL-101 (Cr), using
OH- assisted hydrothermal treatment, as shown in Figure 1-7. Their findings showed an
increased MOF surface area of 1675 m? g1, with a CO2 adsorption capacity of ~15 mmol g™*
at 25 °C, exhibiting a Type | adsorption isotherm, which suggests the presence of micropores

within the MOF pore structure [57].

;J‘#
Cr(NOy)*9H,0 + o 1L m:;{:::m ‘?J i 4,.35
on %’&
2-amino-1,4-benzenedicarboxylic acid NH,-MIL-101

Figure 1-7-Amine-functionalised MIL -101 (Cr) via direct OH-supported hydrothermal process [58]
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Contrary to this, other techniques for amine support, such as post-synthesis (amine
immobilisation), which can open up the metallic coordinate sites on the MOF structure, have
shown a disparity in adsorption performance. In a study by Kim et al. on immobilised
diethylenetriamine (DETA) grafted on Cr coordination sites of MIL-101 (Cr), a significant
reduction in surface area, in addition to low CO2 capture performance, was evident at low
pressures [59]. This disparity infers that, aside from the nature of different chemical groups,
different synthesis pathways can influence the adsorption properties of MOF. While it has been
shown that amine-functionalisation of MOFs coordinated via direct synthesis promotes CO:
capture performance, the post-synthesis approach via grafting could result in pore blockages
being introduced within the MOF pore network. These may reduce the surface area and pore

volume of MOF, leading to loss of adsorption sites.

Given the above, it is evident that employing direct synthesis offers a more advantageous
pathway for MOF functionalisation, however, this feature can be extended by the opening of
more metallic sites, inducing interpenetration and ion exchange characteristics within the host

structure.

1.6.2.2 Organo-functionalised mesoporous silica

Mesoporous silicas are a group of adsorbent composites produced from the incorporation of
supramolecular aggregates of ionic surfactants that act as a soft organic template and an
inorganic silica framework [60]. The resulting structural framework provides outstanding
textural and surface characteristics, such as increased surface area, large pore volume and
more surface OH group. The large OH group available on the mesoporous silica surfaces
provides anchor sites that enable diverse post-synthesis functionalisation with other organic

guest species as support [58].

1.6.2.3 Amine-impregnation

For the amine-impregnation process shown in Figure 1-8, the polyethyleneimine (PEI) is
introduced into the silica material as a support, after dissolution in a polar solvent, before

infusion into the silica pore network [61]. According to Hedin et al., a trade-off needs to be
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established before loading organic group onto silica, whose pores must not be too narrow,
otherwise, an increase in density of the organic support can create little room within the pores
that could limit gas transportation [47]. Additionally, the estimation of the pore volume of the
silica material is necessary before impregnation to ensure effective distribution of the chemical

species within the silica structure channels.

Mesoporous silica Polyethyleneimine (PEI) PEl-impregnated mesoporous silica

Figure 1-8-Amine-functionalised mesoporous silica via physical impregnation method [61]

Regarding amine support, researchers have investigated the influence of amine impregnation
on CO:2 capture performance [62, 63]. In a study by Yue et al. on CO2 capture of mesoporous
SBA-15 impregnated with tetraethylenepentamine (TEPA), a COz adsorption capacity of 3.93
mmol gt was reported [64]. Also, in a comparative study by Chen et al. [58] and Qui et al. [65],
under the same experimental conditions, higher CO2 adsorption was observed for TEPA-
containing sorbents compared with PEI-containing sorbents. The variation in adsorption
capacity was attributed to the higher density of the amino group and the less viscous nature
of the TEPA, compared to the PEI, which results in a reduction in affinity sites for CO2
interaction [63]. Additionally, Son et al. lent further credence to this view, where PEI
impregnated into varying mesoporous silica and carbonaceous materials for pure CO:2
adsorption at 75 °C, showed that the pore size of the support material is a determinant factor

for enhanced adsorption kinetics, resulting in adsorption capacity of 3.02 mmol g [66].

Despite the impressive CO2 capture performances of amine-impregnated mesoporous silicas,

some studies have reported that a lack of chemical bonding between the support and the
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organic species could result in the leaching of organic species from the support under high-
temperature cyclic adsorption and regeneration processes [58]. The findings were validated in
a study by Hicks et al., where TEPA-impregnated mesoporous silica, employed for CO:2
adsorption under cyclic operation, reduced the CO: capture performance due to leaching of
the TEPA support [67]. Other findings suggest that with oxygen presence in flue gases, the
material's performance could be affected by its oxidation, thus questioning the longevity of

amine impregnated silica [47].

1.6.2.4 Post-synthetic functionalisation (grafting) technique

As an alternative to addressing the drawbacks associated with the use of amine impregnation,
such as lack of thermal stability due to leaching of the organic supports, other methods like 1)
chemical grafting, 2) co-condensation, and 3) incorporation of organic groups as bridging
components into the pore walls of mesoporous silicas, using organosilica precursors, have
been proposed [60]. The grafting method entails modifying the mesostructured silica pore
cavity by inducing a reaction between the (R'O)z SiR type and the hydroxyl group present on

the silica surfaces shown in Figure 1-9 [60].

) ®
Si.. Si Si
/1 OH /1N HO’IT)H
ol e R

Figure 1-9-Chemical modification of mesoporous silica by post-synthetic grafting method [60]
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As shown in Figure 1-9, an increase in the concentration of OH- group on the mesoporous
silica surfaces have been suggested to promote the loading efficiency of amine species;
however, the strength of such functionalisation depends on the nature of the organic residue
(R) [60]. A study carried out by Leal et al. on the CO2 adsorption of 3 -aminopropyl
triethoxysilane (APS) grafted into silica gel under anhydrous and hydrated conditions, evident
that the amino species reacted with the CO: [68]. The APS-grafted silica gel under the
anhydrous condition shows a CO:2 uptake of 0.41 mmol g'. However, those grafted under
hydrated condition showed an adsorption capacity of 0.89 mmol g at similar adsorption

temperature conditions [68].

The impact of the various amine grafting conditions on the APS-silica, and the water-aided
silica, shows that the CO:2 uptake may be associated to the extent of the surface grafting,
influenced by APS diffusion into the silica pores, as well as the number of silanol groups
present on the silica surface, in addition to the porosity of the support [30]. Furthermore, it is
instructive to note that since chemical grafting takes place at the silica pore centres, excessive
grafting may limit molecular diffusion of gas species due to likely induced pore blockages that

could reduce the sorbents’ porosity.

1.6.2.5 Co-condensation (direct synthesis) technique

Aside from the techniques discussed above, another approach employed for organo-grafted
mesoporous silica synthesis is co-condensation of silane [(RO)4Si (TEOS or TMOS)] and
organosilane of the type (R'O)sSiR, in the presence of a structure-directing agent (SDA), acting
as an organic template [30]. Although SDA is employed for the synthesis of pure mesoporous
silica, however, the synthesis pathway can be provided by a surfactant (organic template) with
an amphiphilic character, from where the organic residue is covalently projected into the silica
pore, thus making the organic residue become an integral part of the silica matrix, as shown

in Figure 1-10 [30].
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Figure 1-10-Co-condensation technique for organic modification of mesoporous silica [60]

By employing co-condensation, the synthesis approach eliminates potential pore blockages,
as the organic units, which anchor onto the silica surfaces, are homogeneously distributed in
contrast to the grafting technique [60]. Although uniform distribution is evident, one significant
drawback is ensuring that the functional support does not exceed 40 mol% in the reaction
mixture, else a less ordered mesoscopic product may result [60]. This is because an increased
proportion of the (R’O)sSiR in the reacting mixture may lead to homocondensation reaction,
occasioned by a variation in the hydrolysis rates and condensation of the structurally different
precursors. This phenomenon is associated with the co-condensation technique, as it prevents
the functional group's homogenous distribution into the silica framework. Another problem is
that the increased loading of the support material could reduce pore size, volume and surface

area of the organo-silica material [60].

Generally, although the chemical grafting and direct synthesis techniques result in the
formation of highly stable CO2 capture adsorbent, the extent of guest species introduced into
the silica pore is restrained by the number of silanol groups present on the mesoporous silica
surfaces. The introduced species can result in lower CO: uptake compared with other

adsorbents developed by other modification routes.
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1.7 Membrane technology for CO, capture

Membranes have found usefulness for CO2 separation in gas streams of small volumetric flow
rate, where they act as a filtering media. They are mainly employed for CCS applications for
H2/CO2 separation in pre-combustion capture schemes, CO2/N2 separation for post-
combustion, and O2/Nz2 separation oxyfuel combustion [69]. Before separation using
membranes, the flue gas is first wet-scrubbed and cooled to the working temperature of the
membrane, during which the target gas selectively passes through the membrane, with the
heavy components of the feed stream retained, as described in Figure 1-11. Although different
membranes exist, such as organic (polymeric), inorganic (zeolites), enzymatic, and dense
(non-porous), the effectiveness of CO: separation is a function of the membrane pore
characteristic relative to the size of the target gas molecule, as well as the affinity of the gas

toward the membrane material [69].

Feed gas v l

Permeate gas Membrane
.

Figure 1-11-Schematic representation of binary gas mixture membrane separation [69]

Polymeric membranes are mainly employed for gas transport, while the inorganic types are
used in highly selective separation processes [69]. During membrane separation, as the
amount of CO2 permeation increases, the efficiency of the membrane decreases with time due
to the effects of contaminants present in the feed stream, thus, creating technical constraints

to the membrane performance relative to permeability and selectivity [69]. These two factors

27



can also be varied during membrane design and development to meet specific CO2 capture

performance needs.

In addition to the seeming advantages of membranes, such as requiring low energy and zero
need for regeneration, the disadvantages include the inability to process large volumes of gas
streams, operating at temperatures above 100 °C and fouling of the membrane system when
operating under high-pressure conditions have been reported [70]. As a result, there is a need
to incorporate high-cost modules and recycling systems, which may increase process
complexity, energy consumption and costs [71]. Compared with other CO2 capture techniques,
membranes are insensitive to sulfur and other trace elements found in flue gases; however,
they are suitable in removing a required amount of CO2 from gas streams rather than the

absolute quantity [69].

1.8 CO; separation using Cryogenic systems

Cryogenic CO:2 separation from flue gas streams entail compression, cooling, and fractional
condensation processes, executed at low temperatures that result in a phase change of the
CO2 gas. In post-combustion capture scenarios, CO2 laden dry flue gas is first cooled,
compressed and brought down to a desublimation temperature, typically around -100 °C to -
135 °C, where the CO:2 gas precipitates as a solid before undergoing an expansion process
[72]. The final product, being a mixture of COzin the liquid phase and nitrogen in the gaseous
phase, can further be separated by fractionation. Cryogenic CO2 separation has been reported
to favour flue gas stream separation with high CO2 contents (> 90%) [72]. The CO2 capture
efficiency for such systems is dependent on the operating conditions during the expansion
process. Specific operating conditions for desublimation, such as < 1 atm, at-135 °C and -120

°C, have reported COzrecovery of ~ 99% and 90%, respectively [72].

Until recently, newly targeted solutions for CO2 separation based on advanced cryogenic
separation have shown that energy penalties, ice formation (e.g., frozen water) and economics
of the cryogenic CO: separation processes can be reduced [73]. These were demonstrated in
a study by Xu et al. on a cryogenic COz capture during coal-based hydrogen production, where

a reduction in cold energy demands of the operation was reported to be ~ 0.395 MJ kg, for
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90% and 99% COzrecovery and purity, respectively [74]. Also, in a study carried out by Tuinier
et al., on a cryogenic CO2 capture from flue gas system operated dynamically, whose cold
energy source was provided by a liquefied natural gas, a simultaneous separation of water
and CO:z on account of differences in their dew and sublimation temperatures were reported,
thus averting the problems of clogging and pressure drops [75]. Given the seeming increase
in cold energy demand of cryogenic CO: separation, another significant pressure challenge is
how to insulate the cryogenic packed beds to prevent loss of sensible and latent heats [73].
More so, this cold energy requirement for refrigeration is high, given that specific component
of the flue gas, such as moisture, have to be removed before cooling the gas stream in order

to avoid blockages [71].

1.9 Criteria for COzadsorbent performance

As can be seen from the performance characteristics of several sorbent materials employed
for CO2 capture in PCCC technologies, it is evident that sorbent choices are a critical aspect
of the CO2 capture process. A summary of key criteria that sorbent materials must meet is

discussed in the next section.

1.9.1 Selectivity for CO,

The selectivity (S) indicates the extent to which a sorbent material has an affinity for CO2
molecules, in the presence of other gas components within a gas stream mixture, at any given
condition [76]. Given that flue gas streams emitted from coal-powered plants contain a high
fraction of N2 (75-80%) and a low percentage of Oz (3-4%), as shown in Table 1-1; a good
sorbent material should be able to demonstrate high CO: selectivity over other gas
components in the flue gas stream. As a parameter, S has a direct relationship with the purity
of captured COz, which is critical for the CO2z sequestration economics [77]. Therefore, for a
given separation, the highest S value is considered a good choice. Also, while the sorbent
material should demonstrate high COz capacity, this should also be the case in the presence

of water vapour in the flue gas stream. Water vapour presence is a determinant factor for
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consideration in the type of sorbent material used for CO2 component separation, given their

hydrolytic stability.
1.9.2 CO; adsorption capacity

The adsorption capacity, also known as the working capacity, or CO2 delta loading, is a critical
performance criterion that helps determine the size of an adsorption system, the associated
energy penalty, and the purity of CO2 capture in an adsorption process. It can be estimated
from the purge-to-feed ratio of a given adsorption operating condition. For working capacity
comparison with different sorbent materials, the equilibrium conditions, such as temperature
and partial pressure at any given point, must be specified. Adsorption capacity, when related
to temperature swing adsorption processes, is the difference in the CO: captured amount
between the low temperature/purity, likened to the adsorption process, and the high
temperature/high purity, notable for the regeneration and desorption stages for a given cycle
operation [78]. Equation 1.5 can be employed for the estimation of working capacity during

COz capture processes [79]:
[CO2)working capacity = [mCOZ (adsorptiony ~ MC02 (desorption)] /ms Equation 1.5
Where,
MCO:2 adsorption) = CO2 loading at adsorption conditions, mmol g2
MCO:2 esorption) = CO2 loading at regeneration conditions, mmol g

ms = sorbent mass, g

Adsorbents with excellent working capacities have been reported with the ability to reduce the
energy penalties associated with CCS processes, and values > 3 mmol g?' are often

considered as good choices for CO2 separation [4].
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1.9.3 Kinetics of adsorption and desorption

The kinetics of sorption represent the time control of the adsorption/desorption processes
occurring in a given fixed-bed adsorption system. A sorbent material needs to exhibit fast
kinetics under flue gas operating conditions as a dynamic factor. Although fast kinetics are
crucial for adsorption processes, as they reflect how quickly the adsorption system attains
equilibrium, slow kinetics would reduce the working capacity, with both cases governed by
sorbent's surface chemistry materials. In some instances, sorption kinetics are controlled by
the extent of CO: interactions with the adsorbent's surface functional groups. This is also,
despite the mass transfer and diffusional resistances between the gas phase and the sorbents’

surface structure.

1.9.4 Resistance to attrition

A sorbent’s resistance to attrition is related to the mechanical strength of the material and the
nature of the processes where it's being utilised. The criterion is crucial, given that an increase
in the level of attrition may result in frequent replacement rates of sorbents, owing to physical
breakdown and mechanical wear and tear of being circulated in an adsorption bed. For
example, a sorbent material needs to possess excellent microstructural and morphological
stability in an adsorption process. Low attrition will increase the sorbent's tendency to capture
more CO: over several cyclic regeneration stages, despite changes in selected operating
parameters, such as high volume flowrate of the flue gas, vibrations, and temperature, which
may induce apparent fragmentation of the sorbent. Also, there are tendencies that sorbent
disintegration may occur via abrasion or crushing; therefore, the sorbent's mechanical strength

is crucial for reduced makeup rates and reduction in the cost of CO2 capture.

1.9.5 Chemical stability

The stability of sorbents is often related to how well they behave under thermal and oxidising
environments. For flue gases comprising other gas constituents, sorbent's choice would need
to consider the cost implication of frequent sorbent replacements. As most studies have

shown, sorbents that react with COz, also react chemically with SO2. An example is the amine-
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based absorption process, where toxic by-products are generated, given the oxidising
environment induced by Oz present in the flue gas [35]. Consequently, it is crucial to reduce
these impurities by employing pre-treatment processes such as desulphurisation (sulphur

removal) to enhance the sorbent's stability and adsorption capacity.

1.9.6 Capture cost

The cost of CO:2 capture represents another criterion worth considering during CCS
applications. This is beneficial from the perspective of the overall CO2 capture process
economics. When the cost of sorbent development is considered, this may also form part of
the entire CO2 capture process. It would further permit the trade-off between the capital and
operating costs involved in a CO:z capture process to be known. In a study conducted by
Susarla et al. on the energy and cost of CO2 capture, using zeolite 13X for CO2 separation
from flue gas containing 15% CO: emitted from a 500MW power plant, under PCCC scenario,
it was reported that CO2 capture cost was around US$30.4-36.7 per tonne of captured CO:2
[80]. Similarly, Ho et al. carried out a comparative analysis of CO2 capture from a 500MW
subcritical lignite power plant operation, using 30 wt% MEA solvent, and reported a cost of
US$70 tonne1[81]. The disparity in capture cost suggests that CO2 capture cost may be lower

where an adsorbent material is utilised.

Given the high cost of CO:2 capture, this further weakens the global drive towards CCS
commercialisation. Furthermore, from the perspective of sorbent development, a study by
Tarka et al. using $10 kg as a reference point to undertake a sensitivity analysis versus
economic performance, reported that $5 kg spent on sorbent development presents an
exemplary scenario, and also, any cost close to $15 kg! is seen as uneconomical [82].
Therefore, to make adsorption processes more economical, the cost of sorbents for CO2
capture application should not exceed $10 kg?! to compete well with other CO: capture

alternatives.
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1.9.7 Adsorbent regeneration

Sorbent regeneration often comes via pressure reduction or heating and cooling processes,
leading to slow degradation of sorbent materials. For a typical cyclic operation, energy
consumption is considered favourable if it is substantially low. The ease with which a sorbent
material is regenerated will ultimately reduce the cost of a separation process. These attributes
are necessary for ideal adsorbent development, and it is doubtful that a single adsorbent will
meet all of the required characteristics. However, in the current study, two regeneration
alternatives have been considered - Pressure Swing Adsorption (PSA) and Temperature
Swing Adsorption (TSA) processes. Their associated advantages and disadvantages are
discussed in the next section. The Temperature Swing Adsorption process has been
considered to enable comparison with the MEA solvent absorption system, where the
regeneration energy has been reported to be ~ 4530 kJ kgt CO2[82]. Also, since coal-powered
plants emit low-grade thermal energy, this heat produced during combustion could be an

additional energy source for sorbent regeneration.

1.9.7.1 Pressure Swing Adsorption

Pressure Swing Adsorption (PSA) technology, referred to as a ‘heatless process’, was
patented in 1932. It was first demonstrated in an oxygen enrichment experiment by Charles
Skarstrom in 1960 [83]. The process entails selective adsorption of a target gas component in
a gas stream upon contacting with sorbents loaded in a fixed bed. An equilibrium state is
achieved during the process when a gas stream enriched in the more strongly adsorbed
component is produced, following a reduction in the target gas component's partial pressure
or the system pressure. By principle, the PSA system ‘swings’ between the high pressure in
the feed (for the adsorption steps) and the low pressure necessary for the desorption process,

as described in Figure 1-12, thus allowing for re-use of the sorbent.
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Figure 1-12-Skarstrom four-cycle-two-column PSA process with non-steady state complementary stages

[84]

Although the PSA process appears relatively simple, it can become complex where several
unsteady-state complementary stages are integrated. These stages would enable such a
process to be operated under cyclic conditions to promote product purity and recovery. Given
that a PSA unit's performance is determined by the nature of the sorbent employed, an
increase in the number of adsorber unit, with more pressure equalisation steps, will promote
recovery of a target gas component [85]. However, for CO2 post-combustion capture
scenarios, adsorption is carried out at pressures higher than ambient, with desorption
achieved near sub-atmospheric pressure levels. More so, where the CO2 concentration in the

flue gas is low, adsorption may take a longer time to complete.

Despite the added benefit of the PSA process, a number of studies have shown that its
implementation is challenging for CO2 capture processes in large scale emission sources. This
is attributed to a need for vacuum creation during the desorption/regeneration process, which
is a crucial parameter causing trade-offs between CO2 separation and energy consumption

[86]. Also, the energy consumed during the process often comes from the electric power
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demands of the vacuum pumps and the fans required to overcome the pressure drop in the
column, and these may induce a form of energy penalty to the entire capture process [86].
Additionally, owing to the high volumetric flowrate of flue gas from the stacks of combustion
systems during post-combustion capture scenarios, the size of a PSA unit that would
accommodate such a high flowrate flue gas stream at low CO:2 gas density might become an
issue to maintain a suitable fluid velocity and the subsequent pressurisation steps. The low
velocity of the flue gas (i.e. pressure drop per unit length) may result in gas channelling and
poor distribution of the feed stream through the adsorption column. As a result, this might
demand multiple adsorption columns for CO2 separation, creating a footprint issue compared

with absorption counterparts [86].

1.9.7.3 Temperature Swing Adsorption

The Temperature Swing Adsorption (TSA) process is often applied for post-combustion CO:2
capture in industry. It operates between low-temperature adsorption and high-temperature
desorption processes. After achieving sorbent saturation by adsorption, the reactor
temperature is raised further, at constant concentration and pressure, to promote desorption,
broken into pre-heating and regeneration stages. During the pre-heating stage, heating is
continued up to a set regeneration temperature, when desorption begins, with high CO:2
concentration leaving the reactor at a low flowrate, actioned by thermal expansion [87].
Following this, while the CO:2 recovery rate is low, the regeneration phase is initiated by
introducing a purge gas to complete the desorption process. The purge gas introduced
simultaneously, sweeps the CO2, and removes the sensible and reaction heats from the
reactor, as the reactor's temperature cools to the adsorption temperature. This precooling
process further opens the sorbents' adsorption sites, ready for another cycle of adsorption—
regeneration process, provided the sorbent does not suffer degradation or attrition. A typical
illustration of a TSA cycle operation is described in the 4-step cycle process shown in Figure

1-13.
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Figure 1-13-A typical description of a 4-step Temperature Swing Adsorption cycle in (a) and the related

thermodynamic diagram in (b) [88]

In a 4-step TSA cycle, the energy requirement of the thermal cycling would most often come
from the heat supplied to the bed before attaining the regeneration temperature, where the
temperature is maintained through completion of the desorption stage. Although other
contributing energy sources, such as those from the fan and vacuum pumps, are needed to
overcome the beds’ pressure drop, the primary energy contributor is related to the heat
supplied to the reactor. Across the industries, an increase in the bed’s temperature does not
generally complete the regeneration process, but the introduction of hot gases, which serve

as a purge, helps facilitate complete desorption.

Due to the low heat capacity of gases, large volumes of the purge gases are sometimes

expended, making the process an energy-intensive one, even as the gas specie recovered
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suffers dilution with the purge gas. Direct heating may also result in frequent sorbent
replacement. And to avoid this, some researchers have opined that, by adopting indirect
heating and cooling processes, providing for no contact between the coolant and the sorbent,
this can aid systems optimisation, depending on the choice of cycle parameters, which could

help achieve excellent CO2/N2 separation performance [87].

1.9.7.4 Regeneration energy estimation for TSA processes

As a parameter for comparing sorbent performance for CO2 capture based on a TSA process,
the regeneration energy per kg of an adsorbed gas is critical [87]. Since it is favourable for a
TSA process to minimise energy losses, energy consumption must, therefore, serve as a
benchmark for analysing the performance of different sorbents at different regeneration
temperatures. For a given TSA process, the heat of desorption can be estimated from the
amount of recovered CO2 and the isosteric heat of adsorption. The thermal energy applied for
the sorbent regeneration would often be translated into an equivalent energy loss (KWh) [89].
Therefore, any difference in heat consumed and expended for the desorption process would
represent the energy necessary for heating auxiliary equipment and other associated heat

losses [87].

In CCS processes, the electric power that drives the CO2 separation unit is usually drawn from
the heat generated from the integrated power plant's combustion system. However, where a
large amount of energy is spent on the regeneration processes, the power plant may
experience an energy penalty for not delivering the optimum energy required to meet the
intended electricity production balance. The energy penalty has often been attributed to the
excessive fuel demand for a fixed net power output needed to make up for the CCS unit's
power supply. Therefore, reducing the energy penalty is crucial from an economic point, and
this can be achieved where CO: separation efficiency is high, using appropriate sorbent
material. As the current research is limited to accounting for regeneration energy spent during
CO:2 separation under a TSA arrangement, other energy considerations and losses, such as
mechanical, compression and auxiliary works, are typical of a complete CCS energy process
requirements are not investigated. According to an investigation carried out by Lee et al., using

an amine-based solvent system, the regeneration energy entails the sum of reaction enthalpy
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between the amine and the COz, the sensible heat provided for the desorption of CO2z from
the loaded amine solution, and the latent heat of vaporisation necessary for the regeneration

of amine vapours [89].

Contrary, the case of amine absorption is different for the adsorption system. The energy
applied accounts for the sorbent’s working capacity, the heat capacity, the regeneration
temperature, and the process's adsorption heat [90]. The adsorption case is related to the
current work; hence, a model developed by Berger and Bhown may be adopted to estimate
the energy requirement for CO2 / N2 separation [78]. The sensible heat necessary for sorbents’
heating may come from an indirect heating process, followed by a hot purge gas sweeping
process. Therefore, the thermal energy required for regeneration would be calculated using
the sum of the sensible heat provided for the bed heating and the energy necessary for
desorption of CO2 / N2 (equivalent to the adsorption heat) for a given adsorption cycle by

employing Equation 1.6 [91];

Qreg = MaasCpaasAT + AHgqs Equation 1.6

Where

Qreg = Regeneration heat (kJ)

AHags = heat of adsorption of CO2 and N2z (kJ molt) — [NCO2 AHags CO2 + nN2 AHads N2]

AT=temperature difference between adsorption and regeneration (K)

Cp.ads= sorbent specific heat capacity (kJ kgt K1)

Mads = Mass of adsorbent (kg)

nCO:2 and nN:2 = respective moles of species recovered from bed heating.
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1.10 Summary

Chapter 1 of this work has unpacked the challenges currently being faced across the globe
regarding climate change. A review of previous works by researchers have shown that several
measures have been explored in industries to contain CO2 entry into the atmosphere from

significant scale sources using different sorbent materials. A summary of CO2 capture

sorbents, including their pros and con, is shown in Table 1-3.

Table 1-3 - Summary of merits and demerits of sorbent types for CO2 capture

CO: capture

technology

Advantages

Disadvantages

Chemical sorbents

1) CO2 capture and
sorption capacity are

usually high.

Ease of manufacturing
in some cases

depending on sorbent

Support  species  might
experience leaching at high

temperature.

High regeneration energy

may be required.

Chemical stability is often

CO2 capture is based
on a physical process;
hence less

regeneration energy is

required.

type. low due to possible dilution
of other gas components in
flue gas streams.
Physical sorbents CO2 capture and | Sorbents” may be stable
sorption capacity is | under an oxidising
usually high. environment in the

presence of other flue gas

components.
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As shown in Table 1-3, it is evident that different sorbents that have been employed for CO2
capture applications in industries have their associated merits and demerits. As a result, the
development of alternative sorbents could address the operational imbalance and the
requirements of CO2 capture from large point emission sources, like the coal-powered plants.
Addressing the imbalance would require using sorbents with a high affinity for CO:z in the
presence of other gas components in the flue gas. Such sorbent also needs to exhibit fast
kinetic and be chemically stable, while reducing the energy penalty is crucial for cost-saving
to optimise process performance. Considering the criteria for CO2 capture performance, as
discussed in Section 1.9, Chapter 2 of this work would look at a review of other literature
studies regarding sorbent development from renewable sources for CO: capture. The
adsorption theory would also be discussed relative to sorbent materials' performance and how

torrefied carbon would fit into the CCS application context.
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Chapter 2: LITERATURE REVIEW AND RESEARCH
OBJECTIVES

2.0 Introduction

This chapter provides a background of the processes involved in torrefied carbon development
from renewable sources, such as woody biomass. A thermochemical conversion process,
known as torrefaction, is discussed, along with associated techniques employed for
characterising torrefied carbon. Given that the torrefied carbons intended for this work are
aimed for a dual-purpose application, such as CO2 capture and cofiring, relevant adsorption
theories for assessing the performance of sorbents’ and fuel characterisation would be

discussed.

The choice of woody biomass was put into perspective to guide the torrefied carbon
development to permit comparison with other sorbents’ employed for CO: capture in
industries. To validate the choice of theoretical techniques supporting the experimental data
obtained in this work, the techniques would extensively be discussed, with their equations,
associated models, assumptions and the limitations for a given technique, critically appraised
to justify their use. This would be followed by Chapter 3, which provides the methodology

adopted for the experimental techniques utilised.

2.1 Biomass

Biomass represents any material originating from a biological or agricultural means that is
convertible to bioenergy [92]. The history of biomass dates back thousands of years, when
materials such as wood, following different conversion means, were transformed into various
types of heating media for domestic applications. In plants, for example, the photosynthetic
process is responsible for biomass (CHmOn) formation. During the process, COz, which is
absorbed by plants, is catalysed by the chlorophyll in the plants, which transforms the
absorbed CO: into carbohydrates, which forms the plant’s building blocks, as shown in Figure

2-1[93].
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Figure 2-1- The formation cycle of plant biomass [93]

When biomass undergoes combustion, by-products are formed; for example, the CO2, which
plants once absorbed, are emitted, resulting in zero CO:z inventory. This is the reason biomass
is considered to be a carbon-neutral fuel [94]. Biomass conversion into different fuels is
dependent on the specific property inherent in a particular biomass source. According to IFP
Energies Nouvelles, ~ 5% of the total biomass worldwide can be employed for energy
generation, capable of meeting nearly 26% of the global energy demand, equivalent to six

billion metric tons of oil [95].

2.2 Plant biomass

The American Society of Agricultural and Biological Engineers previously grouped biomass
into primary, secondary and tertiary categories, sometimes referred to as first, second and
third-generation biomass by further classification [96]. The first generation represents agro-
based feedstock with large carbohydrate potentials, which are sourced mainly from crops, like
sugar cane, corn, sugar beets, etc. This biomass set poses a significant risk to the global food
supply and is often employed in biofuels production. The second category of biomass
comprises by-products from the wood industry, such as tree barks, leaves, floor residue from

process plants, post-consumer residues, and other waste wood debris from urban settings.

42



Also, a number of dedicated energy crops fall under this category and are often referred to as
lignocellulosic feedstock. They are usually grown for bioenergy applications and could come

from the short-rotation woody or perennial herbaceous energy crops [97].

The short rotation coppices are fast-growing tree species, such as American sycamore,
sweetgum, hybrid poplar, willow, black locust, loblolly pine, etc. They are adaptable with better
resistance to diseases [97]. However, growing these crops on arable land requires intensive
care, and today, they are either burned alone or used in cofiring applications with coal to make
electricity. The perennial herbaceous energy crops are less woody and grassy and are usually
collected after the harvest cycle. Some commonly used energy-related perennial herbaceous
plants are switchgrass, miscanthus and reed canary, and they mostly reproduce, with a
lifespan > 15 years [98]. Finally, the third generation biomass (tertiary) comes from algae, and

they seem to offer greater energy yield compared to the other generation classes [93].

In general, woody biomass is grouped into hard-and softwoods, which are readily available.
The hardwoods are known for their ease of resprouting from stumps after harvest, while the
softwoods exhibit high carbon contents. The woody biomass comprises the lignocellulosic
compounds, namely-hemicellulose, cellulose, and lignin, at varying proportions. Other
components, such as ash and extractives (organics, lipids, and essential oils), occur in
dimensions subject to the biomass type [93]. Under high thermal environments, the biomass
organic constituents are devolatilised depending on the percentage proportion of the biomass
type components [99]. The lignocellulosic compounds, nhamely-hemicellulose, cellulose, and

lignin, are discussed in the next section.

2.3 Lignocellulosic biomass

As explained in Section 2.2, the plant biomass's secondary category is found in the tree trunks
and branches. They are non-starchy, containing the lignocellulose fractions, namely - lignin,
cellulose and hemicellulose [93]. They are neither digestible nor constitute a part of the global
food chain, and their utilisation for energy applications does not threaten the World’s food

supply. These components of the lignocellulosic biomass are polymeric. They are formed by
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millions of associated units and are positioned at different layers within the plants' secondary

cell wall, as shown in Figure 2-2.
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Figure 2-2- Percentage distribution of the lignocellulose fractions in a wood structure [93]

2.3.1 Lignin

Lignin is amorphous and constitutes highly cross-linked polymers integrated into plants’
secondary cell wall without a known structure [93]. The molecular formula is represented by
[CoH1003 (OCHs)o.9-1.7]m, With the m indicating the degree of polymerisation [100]. Lignin
occupies about 25-35% fraction of the lignocellulose components in plants, and they account
for ~10-25% of the plant’'s dry matter, sharing both hydrophilic and hydrophobic group
complexes [101]. It fills the voids between the cellulose, hemicellulose, and pectin components
of the plant’s cell wall [102]. However, owing to the covalent bonding shared by Lignin with
other plant pectin components, it acts as a cementing agent that confers stability to the entire

plants’ cell wall [103].

Diebold and Bridgwater suggest that Lignin exists as a 3-dimensional polymer, as a
combination of 4-propenyl phenol, 4-propenyl-2methoxy phenol and 4-propenyl-2,5-dimethoxy

phenol [104]. The dominant monomeric unit found in Lignin comes from the benzene group
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family; however, in softwoods, over 95% of coniferly (4-hydroxy-3-methoxy-cinnamyl) form of
alcohol units are present, while those found in hardwoods are dominated by syringyl, a class
of phenols [105] [106]. Lignin contents in hardwoods ~ 18-25% have been reported to be more
reactive than those found in softwoods containing 25-35%, which is attributed to the presence
of more syringyl. When lignin is subjected to heat treatments, it decomposes at around 280-
500 °C, producing a complex mixture of polyhydroxylated and alkylated phenol compounds,

following cleavaging and scissoring of bonds [106].

2.3.2 Cellulose

Cellulose is composed of repeating d-glucose (C-6 sugar) units in a linear form, housed within
the secondary cell wall of plants, with the generic formula represented by (CsH1005)m [106]. It
is considered the most abundant organic lignocellulose fraction on Earth, with ~35-55%
present in biomass by weight [101]. It makes up the fibres in woods and is insoluble, with
polymeric units showing high molecular weights (up to 500,000) and polymerisation levels up
to 10,000 [102]. Cellulose composites confer rigidity to the plant’s cell walls via its microfibril-
like network within the carbohydrate matrix, enclosed in a hemicellulose pool and lignin bodies.
Under heat treatment, it degrades at a temperature ~ 240-350 °C, producing dry cellulose and
levoglucosan [107]. The structure withstands thermal depolymerisation well, compared to
hemicellulose. The unstructured region within the cellulose structure possesses hydration
waters, as shown in Figure 2-3, with several OH- groups present, and these are evaporated

following rupturing during heating processes.
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Figure 2-3-Chemical structure of cellulose [93]
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2.3.3 Hemicellulose

Hemicellulose constitutes different monosaccharides, ranging from monomers like d -xylose,
d-mannose and methyl glucuronic, representing 20-40% of a plant’s matter, with a chemical
formula of (CsHsO4)m, with m indicating the degree of polymerisation [106]. The presence of
short side chains in hemicellulose, as shown in Figure 2-4, reduces their strength and
tendencies to form hydrogen bonds across the polymeric chains. Klass reported that the
polymerisation degree of hemicellulose is < 100-200. The composition and amorphous nature
are dependent on the biomass type, with notable differences at the various parts of the plant

[102].

When hemicellulose is subjected to 200-260 °C, it decomposes, yielding more gases than tar,
due to stripping of its monomers' side branches [107]. Hemicelluloses in hardwoods are more
reactive than those found in softwoods due to their varying proportions in the wood types, and
these are evident during thermal processes. According to Basu, this behaviour is attributed to
the high content of 4-o0-methyl glucuronoxylan present in the hardwood, compared with the

arabino-glucuronoxylan and galactoglucomanans found in softwoods [93].
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Figure 2-4-Chemical structure of hemicellulose [107]
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2.4 Biomass use for energy application

The chemical energy stored in biomass underlies the motivation behind its consideration as
an alternative replacement for fossil fuels. The complete replacement of fossil fuels is not
entirely possible presently; however, biomass employment for cofiring would reduce GHG
emissions. This approach has proven cost-effective, as CO2 abatement costs for cofiring are
much lower than when cofiring is not utilised in CCS [93]. A study by Basu has also reported
that employing cofiring with biomass fraction at <10%, when fully established, can potentially
reduce coal-powered plant performance drawbacks [93]. Van Loo and Koppejan suggested
that an insignificant effect on combustion efficiency is likely during cofiring application when
using ~ 3 to 5% of biomass, of moisture content < 10% [108]. Also, given a study carried out
by Kasman and Berg, they concluded that biomass cofiring minimises the chances of alkali
chloride formation, which is likely to react with traces of sulfur or aluminium silicate found in
coal, and may trigger corrosion in biomass-powered systems [109]. The advantages of
biomass cofiring have shown that the separation cost of CO2 can be reduced in CCS

applications for a typical PC plant, as shown in Figure 2-5 [93].
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Given that biomass emits none or a reduced amount of NOx, SOx, mercury and fly ash
compared to coal, this makes them adaptable for cofiring applications. The presence of
calcium in biomass also provides a means of sulfur absorption that may have been released
during co-combustion. Aside from this, when biomass is cofired with coal, it helps reduce N2O
emission, another major GHG, resulting from additional side reactions that may be occurring

with the elements present in the biomass [110].

From a CCS perspective, cofiring in existing coal-fired systems can avoid significant levels of
CO:zbeing released during energy generation. However, findings have shown that using 100%
biomass could pose technical constraints due to disparities in their properties compared with
coal [93]. Although there are varying cofiring options, namely (a) direct cofiring, (b) indirect
cofiring (gasification), and (c) parallel cofiring, each of these options have its process risks.
For example, direct cofiring may cause interference with the boiler cofiring capability, which
may often result in a need to reduce the biomass to coal ratio to < 5% [111]. In gasification,
the separate handling of biomass may lead to vaporisation of alkalis in the biomass, which has
the potential to cause fouling, slagging, and corrosion in the boiler tubings, while parallel
cofiring increases the capital cost of operation, having to separately manage two boiler

systems, as shown in Figure 2-6 [93].
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Figure 2-6-Options for biomass cofiring with coal [93]

Despite the benefits associated with the use of biomass, there seem to be drawbacks that
make them unsuitable for cofiring applications. These include low bulk densities and the
different varieties' fibrous nature, making their grinding very difficult and energy-intensive.
Also, storage difficulties may be encountered due to these materials' tendency to absorb
moisture over an extended storage period, thus allowing for harmful fungus growth [100]. More
so, the rising cost of bioenergy production, land use for growing energy crops, and the possible
unavailability of agricultural wastes, amongst other factors, may hinder biomass
commercialisation. As a result, pre-treatment technologies, such as mechanical and thermal
processing, have been employed to address these problems, resulting in different kinds of

products like torrefied carbons, amongst other industrial chemicals and synthetic fibres [94].
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2.5 Pre-treatment of biomass (torrefaction process)

Torrefaction is a means of improving biomass properties using heat treatments. The term
originates from the French word ‘torréfier’, meaning ‘to roast', and was first used in the 1930s
during a trial experiment for biomass utilisation as fuel for gasification purposes. Later, an
industrial demonstration in the metallurgical industry, under the Pechiney process, employed
torrefied wood feedstock as a reducing agent and coke alternative for silicone production [93].
Conventionally, torrefaction is alternatively known as slow pyrolysis. It is traditionally carried
out in a non-oxidative environment at temperatures between 200-300 °C, resulting in a partly
decomposed solid, with a characteristic change in the material features, as shown in Figure

2-7 [112].

Raw Biomass Torrefied Biomass
Higher moisture Lower moisture
Lower heating value Torrefaction Higher heating value
and energy density and energy density

Higher O/C and | 200~300°C Lower O/C and
HIC ratios Inert HIC ratios
Hygroscopic atmosphere Hydrophobic
Poorer grindability Better grindability
Non-uniform More uniform
properties properties

Figure 2-7-Property variations in biomass via torrefaction. Adapted from [100]

Contrary to the conventional methods, Uemura et al. suggested that the presence of oxygen,
even at a minute fraction in a torrefaction reactor, could be beneficial to the formation of certain
by-products [113]. The process begins with heating the biomass to the desired set
temperature, where it dwells for a given time known as the residence time. Typically,
torrefaction is grouped into light, mild and severe stages, on account of the operating
temperature range, namely: 200-235, 235-275 and 275-300 °C, respectively [114]. Thermal

conversions usually occur at a relatively low heating rate (< 50 °C min-1), with residence times
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of ~ 60 min (+/-) [112]. While higher heating rates have been reported to promote liquid yields,
lower heating rates favour solid product formation [115]. Ragland, Aerts and Baker, also
pointed out that the thermal conductivity of woody biomass increases at the rate of ~ 0.2% per
°C, resulting in a 10% increase per 50-degree temperature rise [116]. Some selected
properties of the solid product, such as microporosity, a type of pore network found in porous
materials, are often developed at lower heating rates. By contrast, rapid heating rates promote
macropore (a type of pore) formation, with both micro and macropores significant for gas
adsorption processes [115]. Other products obtainable from torrefaction vary according to
temperature ranges, with tar production occurring at temperatures of 300-320 °C, and this is

the reason torrefaction in most cases is limited to a temperature of 300 °C [117].

2.6 Types of torrefaction

2.6.1 Wet torrefaction

This type of torrefaction is referred to as hydrothermal carbonisation (HTC). It entails the pre-
treatment of biomass in a hot compressed aqueous medium under saturated vapour pressure.
The process occurs at temperatures ranging from 180-260 °C, for about 5-240 min, before
employing explosive decompression, which helps rupture the fibrous structure of the biomass
[100]. During HTC, water, CO2, and other compounds are cleaved from the biomass structure,
resulting in high char yield production with improved energy density and calorific value. Wet
torrefaction has been reported to enhance the biomass's properties compared with the
conventional methods [118]. These have attributed to the fact that biomass upgrading in the
aqueous phase entails adding additives, such as acids, to improve the wet torrefaction
processes. Additionally, Lynam et al. suggest that the inclusion of a particular solution, e.g.,
acids or other materials, to the aqueous phase promote carbonisation, yielding improved

torrefied biomass [119].
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2.6.2 Oxidative torrefaction

Oxidative torrefaction is performed under air-induced conditions within a temperature range of
200-300 °C. This approach is considered cost-effective, given the elimination of the use of
inert gases. The oxidative reaction is exothermic, and as a result, less external energy demand
is required, unlike the endothermic biomass torrefaction cases. Given that torrefaction is
carried out in an oxidative environment, the reaction rates are faster, and they are promoted
by shorter residence times. Wang et al. investigated the influence of oxidative environment
during torrefaction and reported that they support rapid decomposition of the biomass, even
at reduced torrefaction time and temperature [120]. Another study carried out by Rousset et
al. using Eucalyptus wood, torrefied under 21 mol% oxygen over different temperatures,
agrees with these findings [121], thus supporting the argument presented by Uemura et al.,
with an indication that increased oxygen levels affect the charring and energy yield of torrefied

biomass.

2.6.3 Steam torrefaction

Steam torrefaction, otherwise known as steam explosion, employs saturated or superheated
steam for the biomass pre-treatment and is usually performed at 200-260 °C for 5-10 min,
followed by a rapid decompression process [122]. Following the steam explosion, low
molecular weight volatile matters are liberated. Unlike in conventional torrefaction, the
torrefaction severity, in this case, is determined by increasing the steam temperature or
explosion time. It has also been reported that improved torrefied biomass properties could be
obtained using this process compared with those of non-oxidative torrefaction, even at lower

temperatures and treatment times [123].

2.7 Parameters controlling torrefaction processes

2.7.1 Temperature

Temperature is one parameter that significantly influences torrefaction. It brings about the

destruction of biomass building blocks, thereby altering the nature of the by-products. Prins
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reported a change in the weight of solid residues across different torrefaction temperatures
[117]. Their findings concurred with the results reported in a similar study by Deng et al., but
with a noticeable change in compositional elements and weight loss [124]. Although the
temperature remains a significant factor, Bergman et al. suggested that different biomasses
induce different reactions even under similar torrefaction conditions, as is evident for the case

of fibrous and woody biomasses [112].

According to Cielkosz and Wallace, disparities often witnessed in mass yields are governed
by an exponential function (/T), relating to the temperature (T) and time (t) of treatment, with
increased temperatures bringing about low mass and energy density of the torrefied material
[125]. The temperature influence during torrefaction is also closely related to the size of the
given biomass material. As the biomass size becomes small, the temperature gradient
between the exposed surface and the core also becomes smaller due to little heat resistance,
comparable to larger biomass sizes, where a finite temperature gradient may exist [93]. This
suggests that the core temperature is very significant during biomass decomposition
compared to the external surface temperature. This is why torrefaction set temperature slightly
overshoots by one or two degrees; a case often withessed during bench-scale laboratory
experiments. The degree of overshoot is a function of the extent of thermal flux through the
core of the biomass material, as well as its size; an indication of exothermic reaction

occurrence.

2.7.2 Residence time

Residence time also affects the properties of biomass during torrefaction. It is known as the
time during which the biomass dwells in the reactor after being heated to the desired set
temperature before cooling under a flow of inert or non-inert gases [126]. Although the
torrefaction time is less significant than temperature, a minimum or maximum residence time
can result in different final products' degradation characteristics, such as grindability [127]. The
effect has also been reported in a study by Arias et al., where the residence time affected the
grindability of eucalyptus wood torrefied at the temperature range of (220-500 °C), with slight

improvement recorded for the torrefaction carried out at 240 °C for residence times beyond 30
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min [128]. These findings were supported by Pimchuai [129] using five different biomass
samples, who concluded that increased dwell time promotes torrefied solids formation with
better calorific value. By contrast, a study carried out by Stelt et al. noted that longer
torrefaction time results in lower mass yield product and an increased energy density solid,

but the effect was less pronounced after 60 min [130].

2.7.3 Heating rate

The heating rate, measured in °C min1, as a controlling parameter, influences the extent to
which secondary degradation reactions occur during torrefaction as it affects by-product
distribution [131]. Heating rate effects have been noted to favour the production of large
amounts of tar precursors, which are commonly evident in the devolatilization stages of
biomass degradation, where cracking and reforming of vapours are supported by high
temperature and residence time conditions. According to Di Blasi, chars gasification reactivity
is influenced by high heating rates and shorter residence times, owing to limitations to induce

secondary char production at this stage [132].

Kumar et al. further suggest that the impacts of heat and mass transfer within the biomass
increase with increased heating rates [133]. However, other researchers who investigated the
effect of heating rates on products composition reported that such changes are related to the
distribution of by-products. Also, secondary reactions often dominate at higher heating rates,
resulting in high gas yields production [134]. Given that lower heating rates result in the
formation of char residues due to repolymerisation of the intermediate products, higher heating
rates, by contrast, lead to the creation of gas products due to re-decomposition reactions, and
a given rate can result in an extensive fragmentation or minimisation of the secondary
reactions. Therefore, an economic balance needs to be established in overcoming heat
transfer limitations, and a great deal of attention is necessary to understand the mechanism

associated with the entire conversion process.
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2.7.4 Use of gas medium (inert and non-inert)

Although torrefaction has traditionally been carried out under an inert atmosphere, several
studies have investigated non-inert and oxidising gases' influence on lignocellulosic
biomasses' energy characteristics. In this light, biomass conversion effects under the flow of
N2, Oz and CO2 atmospheres, at varying concentrations and temperature (220, 250 and 300
°C) conditions were investigated for solid-phase conversion by Uemura et al., using palm
kernel shell [135]. Their findings reported that the severity order of torrefaction using the
different gases is in the order of O2 > CO2 > N2, with the van Krevelen plots evidencing a
commonality in the trend of the various gases. In the case of torrefaction with CO2, whose
effects were more pronounced, particularly at 300 °C, the severity may have been induced by
the CO2 compared to N2. The thermal conductivity of CO2gas may have permitted higher heat
transfer through the surface gas films, more elevated than the nitrogen gas. Also, the chemical
effects induced by the CO2 may be associated with the Boudard reaction between the CO:

gas and the carbon surfaces [135].

Other researchers also torrefied eucalyptus wood chips, of sizes 10 x 40 x 80 mm, under
21 vol.% of oxygen at 240 and 280 °C in a fixed bed reactor, and reported the solid product
energy Yield decreasing considerably at 280 °C [136]. They also opined that the torrefaction
rate was more enhanced at 280 °C, compared to 240 °C. These findings correlated well with
the study carried out by Lu et al., where torrefied oil palm fibre and eucalyptus wood chips,
investigated under nitrogen and an air atmosphere at 250-350 °C, reported that torrefaction in
air results in lower solid and energy yields than with N2 [137]. Wang et al. carried out a similar
investigation using spruce sawdust in 21 vol.% oxygen at 260-300 °C and found that an
oxygen atmosphere results in a slightly weaker torrefaction product; however, they concluded
that non-oxidative torrefaction produces better solid yield results than oxidative torrefaction

[138].

2.7.5 Feed (particle) size

The particle size of biomass may range from a whole tree to the smallest piece of sawdust,

including processed woody pellets. The variation in size affects torrefaction reaction rates from
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a thermal flux's perspective within the biomass interior, thus, influencing product formation. As
torrefaction entails thermal flux movement by convection from the reactor onto the material’s
external surface before conduction into the inner part, the enormity of torrefaction influences
the products. As reported by Prins et al., for wood pyrolysis below 300 °C (particle size < 2
mm), the influence of heat transfer was of little importance considering the particle size [117].
Additionally, Peng et al. investigated pine sawdust's torrefaction of varying sizes (< 1 mm).
They found that increased rates at higher temperatures affect the mass yield of the solid
products, given the size of feed investigated [139]. These discrepancies in the mass yield
suggest the extent to which the thermal flux through a given size of biomass under various

heating rates influences solid yield.

The feed size, which governs the extent of thermal flux, is a function of the Pyrolysis and Biot
numbers. While the Pyrolysis number expresses the ratio between the external surface heat
transfer to that of the torrefaction reaction rate, on the contrary, the Biot number shows the
ratio of heat convection through the external surface of the material and the heat conduction
through the material core [93]. The biomass behaviour under varying thermal fluxes is related
to the fraction of the lignocellulose components within the different biomass type. The influence
is more evident upon the subjection of the biomass to similar experimental conditions. Prins
et al. provided an insight into the behavioural disparity of lignocellulosic biomass constituents
while comparing hard and softwoods under similar experimental condition. They reported a
lower mass vyield for the hardwoods compared to the softwoods and attributed this to the
difference in their hemicellulose contents [117]. Given this, it was concluded that hardwoods
promote the acetic acid release, while softwoods favour formic acid formation, even under the

same torrefaction conditions, due to more xylan constituents in the hardwood [117].

2.8 Mechanism of torrefaction and the heating stages

During torrefaction, the dominant transport mechanism is the thermal flux that modifies the
biomass's inherent properties due to heat impact. The mechanism involved can be broken into
five different heating stages, described by temperature-time and heat load-dependent profiles,

as shown in Figures 2-8 and 2-9 [112].
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Figure 2-9-Heat load profile of biomass sample undergoing torrefaction [140]

Stage 1 defines the initial heating (pre-drying) stage, considered as a non-reactive drying
period during which the biomass is heated above room temperature to about 100-105 °C, with

no marked changes noticeable in the chemical compositions [141]. This results in the
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evaporation of all physical moisture that is present in the biomass, with the energy spent

represented by Equation 2.1 [94]:

Qpa = M§1Cpy, (100 — T,) / hypa Equation 2.1

where, Qpd = energy required for pre-drying
Cpw = specific heat of biomass
Mu = mass of raw biomass
To = temperature of feed

hupa = energy efficiency factor for pre-drying (accounting for furnace heat losses)

The value of Cpwis dependent on the temperature and moisture content of the wood, at a given
temperature, for which, at temperatures below 106 °C for various wood species, Equation 2.2

can be applied for the determination of Cpw [140]:

Cpy = 0.266 + 0.0116 (6 — 273) Equation 2.2

Where, 8 = Biomass temperature (° C)

Contrary to Equation 8 proposed by Jenkins, and given the temperature limitations, TenWolde
et al. suggested a generic equation that may be employed for estimation of specific heat
capacity (Cp) of dry woods, at any given temperature, represented in the form of Equation 2.3
[142]:

Cp (dry) = 0.1031 + 0.0038670 Equation 2.3

Alternatively, the heat capacity of any biomass (CHnO,) can also be evaluated using the
empirical equation based on Kopp’s rule, by summing the atomic heat capacities of the
individual elements that constitute the solid in its solid-state [143] [144]. An example of dry
woody biomass heat capacity at different temperatures, based on percentage moisture

fraction, is shown in Table 2-1 [116].
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Table 2-1-Heat capacity of dry woods at different temperatures [116]

Temperature (K) heat capacity (kJ kg1 K1)
c(dry) | c(5%) | c(12%) | c (20%)
280 1.2 13 1.5 1.7
300 13 1.4 1.7 1.9
320 13 1.5 1.8 2.0
340 1.4 1.6 1.9 2.2
360 15 1.7 2.0 2.3

Stage 2, also referred to as the drying stage, is often considered the most energy-intensive

stage of torrefaction, where all the free moisture inherent in the biomass is evaporated. This

occurs before the biomass attains the critical moisture level, where the temperature begins to

rise. Upon attainment of the critical moisture level, the evaporation rate diminishes, and a

further increase in temperature brings about an additional energy demand represented by

Equation 2.4 [93]:

Qa =L MM [hyq

where Qd = Energy spent on drying stage

M = mass of raw biomass

M = Mass of moisture in Mr (%)

L = Heat of vaporisation of water at 100 °C ~ 2,260 kJ kg

hua = Efficiency of energy used for drying section

Equation 2.4

Stage 3, known as the post-drying heating stage or reactive drying, during which the biomass

heating progresses toward the onset of torrefaction at 200 °C. The bound waters associated

with the biomass material are freed at this stage, while structural deformity is evident alongside

light volatile fractions [93]. Energy demand at this stage is relatively low, given that the material

would have been dry; hence, the sensible heat gained can be estimated from Equation 2.5

[93]:

deh = Mf(1 - M)de(l - 100)) /hu,pdh
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where, Qpna = Energy spent for drying stage
Cpa = Specific heat dry biomass (from stage 2)
hupah = Efficiency of energy used for the post-drying section
Mn = mass of raw biomass

Tt = Temperature onset of torrefaction

Stage 4 is known as the torrefaction stage, where extensive depolymerisation of the biomass
structure commences at ~200 °C. Components of the biomass, such as hemicellulose, begin
to degrade at this temperature due to breaking the C-C and C-H bonds in the biomass
structures [141]. The extent of torrefaction causes a marked change within the biomass
structure, while reactions above this temperature, within 250-300 °C, as reported by Prins et
al., are considered exothermic [117]. Little energy is required at this stage to compensate for

inevitable heat losses from the reactor, which may be represented by Equation 2.6 [93]:

Qtor = Hypss + Mg (1 — M)X, Equation 2.6

where Quwr = Energy spent on torrefaction stage
Hioss = Heat loss from reactor (furnace) into ambient (related to reactor design)
Xt= Parameter governed by the extent of heat absorbed for torrefaction stage (kJ kg)

Mt and M = mass of raw biomass and mass of % moisture in M

Stage 5 is the cooling stage after torrefaction, prior to the biomass being removed from the
reactor at room temperature (Tp). The torrefied biomass cools naturally to the desired
temperature, with no noticeable mass loss. However, a number of studies have shown that
heat extracted during the cooling stage could be recycled as a heating medium for further
torrefaction process [93]. Although energy addition is negligible during this stage, extracted

heats from the product may be represented by Equation 2.7 [93]:

Qc = M(1 = M) MYy, Cpp (Ty — Tp) Equation 2.7

where, Qc= Extracted energy (energy out)
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MYab = Mass yield after torrefaction
M = Mass of moisture in M (%)

Cpt = Specific heat of the biomass at chosen torrefaction temperature
Tt = Torrefaction temperature

Tp=Final cooling temperature (starting room temp)

Mn = mass of raw biomass

2.9 Energy balance of torrefaction

As explained in the previous section, the heating requirements at the different stages (1 to 4)
may be considered the energy demand of a given torrefaction process, which may be equated
to the cooling stage's extracted energy. However, in cases where the reactor design
parameters are lacking, a rough estimate using the generic pyrolysis equation may be applied

for quick energy balance calculations using Equation 2.8.

mfueleuel = prr + mcharHchar + mvoleol Equation 2.8

where, mg,el = mass of raw biomass (fuel)
Hruel = heating value of raw biomass
Mchar = Mass of solid product
Hchar = heating value of char
Myl = Mass of volatile matters produced
Hvoi = heating value of volatile liberated

Hpyr = €nergy spent in process (energy consumption)
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Figure 2-10 shows a typical energy and mass balance of a torrefaction process. However, for
a bench-scale torrefaction experiment using a vertical or horizontal tube furnace, which can
be viewed as a direct heating method, the biomass material is usually loaded in a crucible and

placed inside a reactor, eliminating the influence of loading rate.
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Figure 2-10- Energy and mass balance of torrefaction at a different operating condition [145]

Even though most torrefaction processes occur under the flow of a gas medium, energy and
material balances can be evaluated on a static basis. In principle, although the entire energy-
related stages are grouped into 5, the primary unit operations identified are drying (pre-drying,
drying and post-drying), torrefaction, and cooling, with each having its associated energy load
requirement that can be factored into the entire process energy picture. Following the identified
stages mentioned above, the heat load required for the drying stage, up until the onset of
torrefaction at 200 °C (Tt), may be represented by the sum of the energy load for stages 1, 2
and 3, expressed as Qd[93]. However, since heat losses are inevitable from the reactor during
the successive drying stage operations, the actual heat demand, taking consideration of the

heat losses, may be represented as Q4 [93]:

Qa=0a/(1— Xu) Equation 2.9

where, Xq = total fraction of heat loss during drying stages 1-3
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Furthermore, because torrefaction is considered a gradual decomposition process of biomass,
the biomass may require a higher residence time to allow for both exothermic and endothermic
reactions to occur, with heat demand at this stage small or even negligible. Therefore, the total
energy load (Qwta) Necessary for the torrefaction stage (Q'tor) can be equated to the heat
extraction from the reactor (Qc), depending on the reactor insulation factor. Given this, the total
energy load for each of the drying stages 1 to 3 and that of the torrefaction stage 4,

representing the sum of energy added to the torrefaction process, equals Equation 2.10 [93]:

Qtotar = Qq + Qfor Equation 2.10

After torrefaction, the torrefied biomass cools down to the starting or room temperature (25
°C), during which heat energy given off may be recovered from the (cooling) operation (Qc).
Therefore, based on the energy balance principle regarding the heating stages, the total heat
load for the torrefaction (Q’tor) may be equated to the partial heat energy recoverable from the
cooling stage process, from where the final energy balance can be estimated using Equation
2.11:

Qior + Q4 = Q¢ Equation 2.11

However, where all parameters relating to the reactor design are not available, the Qc shown
in Equation 2.12 may be employed to estimate the equivalent total energy utilisation for a
torrefaction process.

Qc = My (1 — M)MYy, Cp (T; — T}y) Equation 2.12

Despite Equation 18, other alternative equations have been considered for determining energy
consumption during torrefaction processes. According to Chen et al., heat input during a
torrefaction process is conveyed by the carrier gas, whose enthalpy is a function of the carrier
gas's specific heat capacity at the selected torrefaction temperature range [146]. Also,
considering the incremental changes in enthalpy of the carrier gas, this allows for energy input
(consumption) of such process to be estimated, by taking into account, the molar flow rate of

the carrier gas and the residence time of the torrefaction process, as shown in Equation 2.13,
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where AHr, is obtained from the specific heat capacity of the gas, as suggested by Cengel
[147]:

Einy=4Hr X Q X t Equation 2.13
where,
Ein = energy input (kJ)
AHr = enthalpy of carrier gas (kJ kmol?) [AH = f;; C, dC)].

Cp=a+bCp + cCp? + dC.8, [for CO2 gas, a = 22.26 KJ (kmol.K)1, b =-5.981 x 10-2KJ (kmol.K)-

1

¢=-3.501 x 105 KJ (kmol.K)1, d =7.469 x 10-° KJ (kmol.K)]

Q = molar flow rate of CO2 gas (kmol min-t) - 100 ml mint used = 4.082 x 10-* kmol min-t as

reported in [148] for N2.
t = torrefaction residence time (min)
T(upper limit) = torrefaction temperature selected

T25 = room temperature (25 °C or 298 K)
2.9.1 Mass balance of torrefaction

The mass balance of a torrefaction process is related to the nature of the torrefaction process
employed (wet, oxidative or steam). For a batch process such as the one considered in this
research, the inputs to the reactor are the loaded raw biomass samples, the N2 or CO2 gases,
while the output splits into the solid and the gaseous products-classified into condensable and
noncondensable by-products; such as water, acids and other gaseous products, as evidenced

in the study by Tumuluru et al. [103].

However, as the current study is limited only to analysing the torrefied solid product from the

torrefaction process for CO2 capture application, the final solid mass would be determined by
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carrying out a simple mass balance, based on the difference in weight of the sample before
and after torrefaction. The results obtained thereon would also help estimate the mass and
energy yield for each torrefaction process. A diagrammatic representation of the mass balance

for a typical wet torrefaction process is shown in Figure 2-11, and it is expressed in Equation

2.14.
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Figure 2-11-Typical mass balance for a wet torrefaction process [149]

Mass Balance Equation (solid product)

Mg, (initial mass) — My, (final mass) = Mgz (mass loss) Equation 2.14

2.10 Behaviour of lignocellulosic components during torrefaction

The degradation of lignocellulosic constituents of biomass under torrefaction occurs during
both endothermic and exothermic reaction temperature regimes. However, due to variation in
the original compositions, the components react differently without displaying a combined
effect [150]. Under mild pyrolysis conditions, part of the oxygen within the hemicellulose
structures is consumed during the exothermic reaction scheme, bringing about hemicellulose
degradation. The same applies to lignin, but given its increased content, the reaction may be

more extreme during decomposition [151].

For cellulose, the decay occurs via an endothermic reaction scheme due to oxygen depletion.
However, in this case, the reaction can be progressed towards the exothermic with increasing

torrefaction condition, enhancing tar formation [152]. Yang et al.. reported an independent
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behaviour of the different lignocellulosic components using thermogravimetry technique and
found that under light torrefaction conditions (at 220 °C), the hemicellulose fraction degrades

faster with a maximum weight loss distinct at 268 °C [153].

Conversely, the cellulose and lignin components were slightly affected at this temperature.
While the maximum mass loss for cellulose occurred at 355 °C, the lignin decomposed slowly
due to its high thermal resistivity, as evident in Figure 2-12. Contrary to these findings, Chen
and Kuo's related study, based on increasing torrefaction temperature at a fixed residence

time, reported a proportional degradation of the lignocellulosic components with increasing

temperature lines [114].
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Figure 2-12- Pyrolysis of lignocellulosic components via thermogravimetry study [153]

2.11 Products of torrefaction process

Products formation during torrefaction results from the decomposition of the biomass
constituents into solids and volatiles [141]. The volatile products constitute condensable
(liquid) and non-condensable (gaseous) products, whose formation is governed by torrefaction
severity. Prins et al. reported that steam is the primary volatile product, alongside other
organics, with the gaseous product consisting of 80% COz2, 20% CO, and small fractions of Hz

and CHa4 [154]. The degradation that led to varieties of these products does not occur entirely
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due to temperature variation. The non-condensable products formed are a consequence of
dehydration and decarboxylation reactions taking place within the biomass matrix, and not
limited to degradation, resulting in the formation of CO, CO2, and a fraction of CHa, while the
condensable products, namely lipids, organics, carbon and water are also being formed [93]

[112].

The liquid organic fraction liberated may be separated by further unit operations into acetic
acid and formic acid. The liquid products from hardwoods such as acetic acid and those from
softwoods, i.e., formic acid, are not the same in most cases [117]. The difference in product
distribution may be akin to the percentage difference in their hemicellulose contents. CO:2
production has been attributed to the decarboxylation reactions of sugar moieties, while CO
formation is linked with reactions that occur when the steam, liberated during dehydration,
reacts with CO2 within the resulting pores [155]. The cumulative mass loss from each of the
lignocellulosic constituents in the biomass after torrefaction may account for the total decline
in the solid product's weight by the simple application of a material balance. Typical product

composition formed during torrefaction is shown in Figure 2-13.
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Figure 2-13-Products resulting from a torrefaction process [112]
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Solid product yield varies in composition, texture and mass, as the moisture content in the
starting material continues to reduce while volatiles are being given off. The moisture often
appears in the form of -OH groups linked to the hemicellulosic and cellulosic structures. More
S0, as most adsorption processes occur around the polar region in porous solids, increased
heating will promote a hydrophobic product formation with a non-polar behaviour [156].
Cellulose is a highly crystalline matter, and the reduction of the -OH group within its structure
will further improve its crystallinity, thus preventing moisture access to the adsorption binding
regions within the structure [156]. Kymalainen and co-workers studied the changes in the -OH
groups of woody biomass following mild pyrolysis. Their findings suggest reducing OH groups
with increasing temperature, as shown in Figure 2-14 [156]. This shows the impact of

temperature on the -OH group present in the cellulose structure.
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Figure 2-14-OH group change following pyrolysis of woody biomass at different temperatures [156]
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2.12 Chemistry of torrefaction processes

As mentioned previously in Section 2.3, the lignocellulosic constituents make up the biomass
building blocks in several mono and polysaccharides' fractions. For a greater insight into
torrefaction chemistry, it may be logical to study the dominant units' behaviour in each of the
lignocellulosic components during reactions from an independent point as a determinant factor

for torrefaction performance.

In a study by Prins et al. on weight loss kinetics of different woody biomass, using xylan as a
reference for hemicelluloses, xylan's thermal decomposition commenced at a temperature of
200 °C, with an increase in weight loss observed [117]. The findings agreed with the study
reported by Shen [157], suggesting that early hemicellulose degradation was due to the
splitting of glycosidic bonds of the xylan side units, constituting 4-o-methyl glucuronic acid and
O-acetyl, in a series of chemical reactions. The reactions bring about the formation of an
unstable transitional compound, 1,4-anhydro-d-xylopyranose, which further undergoes side
reactions with other xylan side units. Furthermore, Werner et al. distinguished the thermal
behaviour of xylan extracted from coniferous and deciduous woods, where a remarkable
difference at the onset of degradation was attributed to xylan variations in the different wood

type [158].

For cellulose decomposition, Chen et al. investigated dextran's thermal behaviour as cellulose
reference [114]. Cellulose is known to compose of B-d-glucopyranose linked by glycosidic
bonds, whose decomposition is slightly affected compared with the hemicellulose even at the
same temperature. The weight loss under different torrefaction temperature is shown in Figure

2-15.
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Figure 2-15-Weight loss kinetics of lignocellulose at different temperatures for 1hr [114]

Cellulose decomposition can be seen to occur via a three-step process, as reported by Kilzer
and Broido [159]. One is at a temperature of 220 °C, under an endothermic reaction where the
cellulose structure becomes dehydrated, producing anhydrocellulose. The second stage
involves a competitive reaction at 280 °C, during which levoglucosan forms following the
reorientation of anhydro-a-D-glucopyranose due to depolymerisation process, under the same
endothermic regime. The third stage, exothermic, entails the decomposition of
anhydrocellulose due to C-C and C-O bonds' rupturing within the cellulose structure. This
sequence brings about emanation of levoglucosan radicals as shown in Figure 2-16, in the
absence of oxygen bridging associated with the monomeric chains, and where hydride ion

transfer occurs along the carbon-carbon chain, this induces I-6 oxygen linkages [160].
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Figure 2-16-Cellulose decomposition mechanism following pyrolysis [107]

According to a study carried out by Jiang et al. on different lignin classes, their decomposition
follows a free radical emanation route, where ether bond linkages are reduced due to
scissoring of the methyl and hydroxyl radicals occurring along the C-C chains [105]. These
reaction schemes promote phenols and chars' formation due to lignin's resistivity to thermal

dehydration [160].

In general, wood chemistry under pyrolysis induces several reaction steps, including
dehydration and depolymerisation reactions due to bond scissoring, resulting in moisture
removal, carbonyl, and carboxyl radical reaction, which, upon devolatilization, produces CO

and CO2[100].

2.13 Kinetics of torrefaction

Based on kinetics, torrefaction processes can be presented by a single-step kinetic model,
according to Repellin et al., as shown in Equation 2.15 [161]. However, the single-step kinetic
model has been criticised by many researchers, owing to the inability to predict possible by-
product distribution along the biomass degradation lines, as the model assumed that char

conversion to volatile ratio is constant [162].
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Mg >V + Mg, Equation 2.15

Where Mn = mass of raw biomass material

V = volatile liberated

Mr2 = mass of torrefied solid

By considering likely possible reactions, Di Blasi and Lanzetta put forward a refined model,
following the study of xylan decomposition, and suggested that biomass decomposition
reaction follows a sequential and parallel mechanism described by a two-step mechanism, as

shown in Figure 2-17 [162].

V1 V2

Figure 2-17-A two-stage kinetic reaction scheme of biomass decomposition [162]

Where,

A (Mf1) = mass of raw biomass

C (Mr2) = mass of torrefied biomass

B = intermediate product

V1 and V2 = volatile products at different reaction stages

Ks and Kc = arrhenius rate constants

According to the Di Blasi and Lanzetta model, the initial stage represents when competitive
production of volatiles and transitional products occurs, consequent to depolymerisation and
cleavage of the xylan bond monomers at a fast rate. The second stage entails decomposing
the cleaved sugar moieties, which occurs slowly due to cellulose decomposition, compared

with the first stage, accounting for the hemicellulose decomposition. The result of the kinetic
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study agrees with the findings reported by Bach et al. [163], where the initial stage was
confirmed as proceeding at a higher conversion rate, compared to the penultimate step, based

on the rate constant values.

Also, based on a different perspective, Branca and Di Blasi presented a kinetic model of wood
pyrolysis [164]. They classified the kinetics according to the different reaction zones via three

sequential steps at different temperatures, namely-depolymerisation, devolatilisation and

charring.

v Tve o s

A B D
kg kp ke
\B \D \C
ki =kyi+kp, ka=kya+kp, k3=kystke
Figure 2-18- Three-step kinetic mechanisms of wood pyrolysis [164]

Where,

A (M) = mass of raw biomass

C (Mr2) = mass of torrefied biomass

B = intermediate product

V1 and V2 = volatile products at different reaction stages

Ks and Kc = arrhenius rate constants

Kb = third stage reaction rate constant

D = third stage reaction by-product
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Overall, based on the literature review on biomass torrefaction, it is evident that different types
of product are obtainable at different torrefaction levels and conditions. The products (solid,
liquid and gas) formed reflects the reaction state at a given stage of the torrefaction process.
As a result, the choice of torrefaction condition would ultimately influence the nature of the
desired product. However, while the current work aims to develop a renewable sorbent
‘torrefied carbon’, the choice of torrefaction conditions are vital in meeting the study objectives.
Therefore, the next section of this work would undertake a literature review surrounding
sorbent’s application in adsorption processes. Adsorption theory would be tested on the
sorbent’s performance, following their characterisation based on the torrefaction conditions
applied, which would reveal, in detail, the property changes as governed by torrefaction

performance.
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2.14 Adsorption basics

Adsorption is a consequence of saturation of unbalanced forces on a solid surface, allowing
the attraction of gas molecules to condense onto it [165]. The atomic theory provides further
clarity because atoms exposed on solid surfaces are incompletely bound, and therefore, are
energetically favoured to attract molecules of opposite charges to condense onto themselves.
According to quantum-—mechanical theory, these atoms close to each other are often
separated by a distance, where a quantum state is established. However, the consequence of
a change in one atom's electronic cloud density induces a corresponding electrical moment
on another atom, causing attraction [166]. The attraction force Ua(r), which occurs from a short
distance, where the individual atoms exhibit a form of potential energy, is represented by

Equation 2.16 [166]:

Us(r) = —C/r® Equation 2.16

Where C = polarisabilities of the atoms (-ve sign indicates attraction)

r = distance between the atoms

In addition to the attraction (dispersion) force, a repulsion force also dominates at close
proximity, where an overlap of the atomic orbital occurs, expressed as Ur (r) in Equation 2.17

[166]:

Ug(r) = b/r® Equation 2.17

Where b = an empirical constant

Given the above, the attraction and repulsion forces at play at interfaces account for adsorption

phenomena, as outlined by the Lennard-Jones potential diagram in Figure 2-18.
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[167]

Furthermore, by virtue of the energy potential exhibited by the gas molecules within an
evacuated system, only a limited amount of the gas molecule would be removed from the gas
phase and either held to the surface of the solid or move freely over the surface in a two-
dimensional fashion [168]. This behaviour of the gas molecule, which is occasioned by a drop
in the energy potential, is such that their distance from the solid surface must be at the very
minimum for adsorption to occur. The 12-6 Lennard-Jones describe the overall interaction
energy between the adsorbed gas molecule and the solid surface in the form of pairwise

interaction, expressed by Equation 2.18 [167]:

U(r) = 4¢[(a/r)'? — (o/7)°] Equation 2.18

Where

€ = well depth, a measure of attraction extent (the deeper, the stronger the attraction)

U (r) = intermolecular potential between atoms (when U (r),r=0)

o = Distance at zero intermolecular potential
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r or R = distance between centres of two atoms.

For gas adsorption systems, the interphase comprises the adsorbent, the gas and the
adsorptive space, as shown in Figure 2-20. As illustrated, the gas molecules in their adsorbed
state are known as adsorbate; however, while in the gas phase, they are known as adsorptive
[169]. Before an adsorbate is formed, mass transport of gas molecules must precede the
adsorption taking place, during which a molecular layer of the adsorbed species is formed.
Further surface interactions may result in different types of adsorption, either physical or

chemical [170].
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Figure 2-20-Description of adsorption-desorption phenomena [169]

Since thermodynamic parameters govern adsorption processes, factors such as pressure and
temperature may affect adsorption at equilibrium. These factors may promote the surface
interaction of reactant species at their different levels, enabling them to attain the desired
activation energy necessary for a physical or chemical reaction to occur [168]. From the
sorbent perspective, consideration is also given to the structure in terms of shape, size, pore
size/shape distribution and chemical constituents. However, adsorption capacity would
ultimately depend on the ease of adsorbate transportation into the sorbent material's interior

surface.
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2.15 Physical and chemical adsorption

As explained in the previous section, the extent of surface interaction and reaction classify
adsorption processes into physisorption or chemisorption, with their distinct characteristics
shown in Table 2-2.

Table 2-2-Adsorption types and their notable properties [171]

Property Physical Adsorption | Chemical Adsorption
Nature of forces van der Waals reaction forces
Heat of adsorption 20 -40 >80

(kJ mol?)

Adsorption rate occurs rapidly occurs slowly

Desorption process | easy, following | difficult, an increase in

pressure reduction or | temperature required for

temperature increase bonds breaking

Specificity non — specific as any | strongly distinct, and it

gas can be adsorbed | largely depends on the

on a sorbent surface nature of the sorbate and
sorbent

Molecular coverage | unimolecular or | a unimolecular layer is
multilayer may form formed

During physical adsorption, gas molecules are attracted to sorbent high energy sites by van
der Waal forces of attraction. These forces are propelled by dipole interactions or short-range
forces, which lend credence to the nature of bonding strength [168]. Therefore, for such weak
interactions, lower heats of adsorption, slightly higher than those of adsorbate heat of
sublimation, are expected. However, in cases where ionic adsorbents are employed, the
electrostatic field present will also contribute to the adsorption energy [166]. Since both

monolayer and multilayers can be formed during physical adsorption, the process may occur
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at low temperatures between any surface and gas. The first layer formed is held firmly onto

the sorbents’ surface, compared with the subsequent layers.

By contrast, for chemical adsorption, target gas molecules, while arriving at the adsorption
interface, react covalently with exposed electrons at the high energy binding sites on the
sorbents’ surface, forming a chemical bond. For the case of activated chemisorption, gas
molecules must overcome the activation energy barriers before sorbent-sorbate complexes
are formed [172]. The activation energy, which is high, and attained slowly, is why chemical
adsorption is considered a slow process. Although energy is supplied for the activated
adsorption, such thermal energy must be sufficiently high to surmount the surface interaction
barriers. The consequence of the high activation energy is higher heat of adsorption following
the exchange of valence electrons. The heat generated during this time can provide a means
of measuring the bonding strength of the adsorption process [166]. A description of the
potential energy diagram for an adsorption process, where physisorption, chemisorption and
activated chemisorption dominates, is shown in Figure 2-21. The physisorption and
chemisorption potential wells are differentiated by their depths Er and Ec, respectively, while

the activation barrier is with height Econv [172]

gas phase

Potential energy

conv )
chemisorbed  Pysisorbed

state state
I l I I I I

Distance above the substrate surface

Figure 2-21- Potential energy diagram of an adsorption process [172]
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In general, although surface interactions occur in both adsorption cases, low heats of
adsorption suggests a lower heat of desorption and vice versa. Both adsorption types
described can be reversed by a desorption process, involving a slight increase in temperature
or pressure reduction of the adsorption system. This process would remove the adsorbed
species from the sorbent surface by elevating their energy state from the foot of a potential
well and push them back into the gas phase [170]. While physical adsorption is readily
reversible, chemical adsorption may sometimes require a dissociation process or excessive

heating to separate the adsorbate from the solid surface [168].

2.16 Adsorption thermodynamics

Adsorption being a spontaneous process results from a reduction in an adsorbent's surface
energy and the degree of freedom of the adsorptives. The process's thermodynamics are
defined with respect to the phase equilibria between the bulk phase (usually a gas) and an
adsorbed phase (considered to be liquid-like). Based on this, the adsorption energy comes
from the effects of both potential and kinetic molecular interactions, after which the gas
molecules, initially moving freely in a 3-dimensional fashion, reduces to 2-dimensional when
equilibrium is attained, as the system entropy (AS) decreases. Therefore, an increase in the
disorder of an adsorption system will cause AS to be positive due to increased molecular
activity of the adsorptive, whereas if the AS is negative, this will result in condensation of the

adsorptive onto the adsorbent, with the entropy expressed by Equation 2.19 [173]:

AS = [0Qye, /T Equation 2.19

where Qrev = amount of heat transferred into the system

T = temperature

As a rule of thumb, where the system temperature increases, the gas molecules' kinetic
behaviour increases, hence AS increases. This is why physisorption processes are
unfavourable at high adsorption temperatures due to increased molecular interaction that

prevents settling of adsorptive on sorbent surfaces. Similarly, as the adsorption system's
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pressure increases, gas molecules become closer to each other and, therefore, less
disordered; hence, the AS at such case reduces. Given this, it can be inferred that
physisorption would dominate at lower temperatures and relatively increased pressure. For
concentration, an increase in the gas species concentration will shift the adsorption equilibrium
towards the adsorbed phase in line with Le Chatelier’s principle. As controlled by the
temperature, pressure, and concentration, this entropy change determines the phase that a
given system will prefer. This suggests that any change in the thermodynamic parameters of
adsorption can affect the nature of the process. These changes in the behaviour of the system
are also accompanied by a change in the free energy (AG) of the system, represented by

Equation 2.20:

AG = AH —TAS Equation 2.20

where

AG = free energy

T = system temperature

AH = enthalpy of reaction

AS = system entropy

The free energy, being the driving force that accounts for all chemical reactions, brings about
product formation, in this case, the adsorbed gas (adsorbate). The sign of AG at any given
time determines the direction taking by the system towards equilibrium attainment; in which
for (—ve) value, the reaction must occur, while for AH (-ve), this infers that the adsorption
process will always be exothermic, given the decrease in the heat content of the reaction
system [168]. If AG equals zero, the system is said to be in a state of equilibrium, and where
(AG > 0), the reaction becomes non-spontaneous [173]. Thermodynamically, since adsorption
is likened to a phase transition process, where an adsorptive in the gaseous phase condense
into a liquid-like state, the process can be related to a classical vapour/liquid equilibrium
system. Hence, with such a system, adsorption heat can be explored for the heat change

accompanying phase transition using the Clausius-Clapeyron equation [168].
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2.16.1 Determination of heat of adsorption from Clausius-Clapeyron equation

By definition, phase changes occur at a given temperature and pressure, at equilibrium, when
AG = 0 [174]. Therefore, by relating the saturated vapour pressure (Ps) of the gas molecule
with the boiling temperature (Tp) and the difference in molar volume in the vapour phase and
the adsorbed phase in equilibrium, the heat change of an adsorption system can be estimated.

Furthermore, based on the assumption that [175]:

¢ molar volume of adsorbed phase is much smaller than that of the vapour molar volume;

e vapour phase behaves like an ideal gas (no interaction between the molecules), and;

e variations in the heat of vaporisation are neglected, meaning that it is independent of the

system temperature;

then the Clausius-Clapeyron equation, shown in Equation 2.21, can be applied for the
determination of the heat change associated with the adsorptive condensation into a liquid-

like adsorbed state [168]:

dInP /0T = AH,a, | RT? Equation 2.21

where

AHvap = heat of vaporisation

R = universal gas constant (8.3142 J mol -1 K1)

T = temperature

P = absolute pressure

Upon rearrangement of Equation 2.21, following integration, the Clausius-Clapeyron equation

can be re-written in the form of Equation 2.22:
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InP=—AH,., /RT +C Equation 2.22

where

C = AS/R, from where the change in the entropy of an adsorption system can be determined.

2.17 Porosity in solid materials

Porosity is the term used to describe small openings in a solid, expressed as the ratio of total
accessible volume to that of the volume occupied by 1 g of the solid [176]. AImost all solids
contain these openings, whose role is to allow for the passage of materials through them, for
example, gas molecules or vapours during an adsorption process. The openings sometime
result during the sorbents’ development following thermal or activation processes, enlarging
the inherent porous structure. The structure of porous materials can also be tuned during the
development stages to induce various pores that constitute the solid's internal and external
surface area [177]. By nature, the external surfaces are the surfaces outside of the pore and
are non-porous, wider than they are deep, while the internal surfaces are the imperfections

that are deep than they are wide, within the pore walls [178].

For adsorption applications, porosity only offers the volume of space within the sorbent that
gas molecules can access to reach the high energy binding sites on the sorbent's internal
surface. As porosity does not directly impact the adsorption phenomenon, the capacity for
adsorption would ultimately depend on the pore accessibility relative to the size and shape of
the adsorptive [178]. Additionally, the pore morphology, which describes the shape in terms of
pore width, volume and roughness and the availability of highly polar surfaces, may also
influence the extent of an adsorption process [179]. In practice, pores are classified according
to their shape or exposure to an external fluid, with the total pore volume ascribed to the sum
of both open and closed pores. However, the open pores are those applicable for adsorption

purposes [180].
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Figure 2-22-Different types of pores in a porous solid [180]

As shown in Figure 2-22, pore (c) is defined as a transport pore, which provides continuous
pore interaction with an external fluid. It can also affect the macroscopic property of the sorbent
[180]. The other pores leading to the external surfaces, such as pores (b), (d) and (f), are
known as open pores. Pore (b) is open at one end and is very useful for adsorption, while pore
(a), referred to as a closed pore, appears isolated and unsuitable for adsorption [180]. Pore
(e), which is opened at both ends, permits gas molecules' transportation from one external

surface to another on a time-dependent basis.

2.17.1 Pore classification

Although porosity in solids is classified on the basis of the extent with which the pores are
exposed to an external fluid, the International Union of Pure and Applied Chemistry (IUPAC)
further categorise them based on their sizes, as shown in Table 2-3, namely; the micropores
(with sub-divisions), the mesopores and the macropores [181]. Each pore introduces peculiar
adsorption characteristics that reflect their structural behaviour based on the non-uniformity of

shapes and pore alignments [182].
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Table 2-3-Pore classification according to sizes [182]

1A = 0.1 nm (nanometre)

Pore type Size range
Ultramicropore <0.7 nm
Micropore >0.7 nm < 1.4 nm
Supermicropore >1.4nm<2nm
Mesopore >2 nm <50 nm
Macropore >50 nm

2.17.1.1 Microporosity

Micropores result from defective packing arrangements within a bulk solid, leading to
interconnection and subdivision of pores, such as ultra and super micropores. They are usually
of width < 2 nm, and their adsorption mechanism appears continuous due to the overlapping
of force fields of opposite pore walls [183]. Micropore volumes are usually in the range of 0.1-
0.4 cm? g1, with surface areas nearing 1000 m? g1 and above [177]. The ultra micropores are
those of width < 0.7 nm and are often responsible for activated diffusion in porous solids. This
is due to the constrictive nature of their pore networks relative to the adsorptive size.
Adsorption in ultra micropores exhibits molecular sieve action and are favourable at a low

relative pressure range < 0.01 [183].

The supermicropores, on the other hand, are of width ranging from 1.4-2.0 nm and favours
adsorption at relative pressures > 0.01 < 0.15, but with the adsorption mechanism following a
co-operative pore-filling process [183]. However, with the supermicropores limited to 2 nm and
the ultramicropore 0.7 nm, multilayer formation during adsorption is likely; once a definite
saturation pressure limit is established. While the pore volume remains the determining factor
for adsorption in micropores, the adsorption process may not always extend to multilayer
formation, with a subsequent filling of the pore width with an adsorbate [183]. As a standard,
the surface area of micropores can be determined from the Langmuir equation. However, this
may sometimes be misleading, given that pore volume has been suggested to be a more

reliable means for micropore characterisation, as suggested by Dubinin [184].
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2.17.1.2 Mesoporosity

Mesoporous materials originate from either indigenous or created means- the indigenous
results from stronger defective packing, associated with shrinkages within a parent material,
following carbonisation or activation processes [40]; the latter is linked with molecular holes
created following a controlled activation process, thus forming pores of sizes > 2 nm < 50 nm
[181]. The surface area of mesopores ranges from 10 to 100 m?2 g1, with the pore volume
similar to the micropores [177]. Their low surface areas suggest weak fluid-fluid interactions
within the pore walls. Mesopores sometimes overlap with the micropores within a given pore

network and helps provide a means for adsorptive transportation [181].

Adsorption in mesopores can be described by three distinctive stages. Firstly, adsorption takes
place initially on the narrow pore walls, inducing monolayer formation at low-pressure regions.
Secondly, after the pore has reached its limit with increasing relative pressure, it behaves like
an open surface. At this point, further adsorption then takes place on the already established
monolayer since not all the adsorbed molecules are in direct contact with the adsorbent.
Thirdly, with further adsorption extending into multilayer build-up, the sorbate interacts
between selves, condenses and nucleates into a liquid-like phase (vapour-liquid transition),

leading to capillary condensation [183].

2.17.1.3 Macroporosity

Macropores result from structural defects in the form of cracks and fissures. As a result of the
developed pore width, adsorption in macropores occurs on a layer to layer basis, which is
familiar with non-porous solids [178]. Their pore sizes which are > 50 nm, are broader than
those of mesopores and micropores, and, based on this characteristic, they offer fewer

advantages for adsorption due to weaker adsorbate interaction.

Despite the aforementioned, macropores may be helpful as a transport pore for gas molecules
onto the high energy binding sites of sorbent materials, but mainly when pore overlapping or
mixtures exist in a typical porous solid. Furthermore, adsorption here is promoted at higher

pressures but on a step-wise pattern, which does not happen through all the pore spaces, but
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at proximity to the pore walls [185]. For macropores, owing to their low surface areas, usually
<2 m?2g?, negligible adsorption is typical without capillary condensation taking place; however,

they can be characterised using the mercury porosimetry technique [184].

2.18 Interpretation of Adsorption phenomena

2.18.1 Adsorption Isotherm

An adsorption isotherm represents the amount of gas adsorbed by an adsorbent in (mmol g-
1), upon achievement of equilibrium, as a function of temperature, pressure and interaction
potential [178]. The isotherm reflects the adsorbed molecules’ average potential energy within
a finite volume element (the pore), exerted by the repulsive and attractive forces [186].
Proposed in the 1940s by Brunauer, Deming, Deming, and Teller (BDDT), the isotherm is
classified into six types (I to VI); however, with recent advances in the adsorption science, it
has been classified into eight types, with classes | to VI shown in Figure 2-23, based on IUPAC

recommendations [178].

I(a) ()

Amount adsorbed ———m=—

Relative pressure —  E——

Figure 2-23-Classification of adsorption isotherm [187]

87



Generally, all adsorption processes described in the literature fall into one or a combination of
the IUPAC classified isotherms. By contrast, the desorption isotherm represents the reversal
of the adsorption condition, following a reduction in the adsorption system’s pressure or an
increase in the adsorption system's temperature. If adsorption occurs below the adsorptive
gas's critical temperature, the isotherm is often expressed based on relative pressure;
otherwise, in terms of absolute pressure [187]. Although adsorption isotherms help provide
the basis for the choice of a sorbent in processes, it does not offer information regarding the
kinetics of the process or the contact time to limit the solute concentration in a given process

condition [168].

2.18.1.1 Adsorption isotherm (types and characteristics)

Type lisotherms are exhibited mainly by microporous adsorbents, such as activated carbons
and several zeolites, and it also depends on the adsorptive. The isotherm shape is concave
to the lower P/P° regions of the isotherm. During adsorption, the pores are filled with adsorbate
up to their saturation limits, say at P/P° < 0.1, owing to stronger adsorbate interaction due to
pore width overlapping effect [176]. However, with little or no further adsorption taking place,
this may be attributed to the inability to access the adsorbent's micropore volume relative to
their sizes. The Type | isotherm is reversible, despite the strong interaction between the
sorbent and the sorbate. The difference between Type | (a) and | (b) isotherms is linked to the
widening nature of their pore size distribution, in which many Type | isotherms obey the
Langmuir equation, with the limiting plateau representing monolayer adsorption on the pore

wall [168].

Type Il isotherm displays both concave and convex curves at different P/P° regions of the
isotherm. It is frequently exhibited in adsorption on non-porous and macroporous solids,
whose diameters are broader than micropores. The shape of the isotherm at the concave
region characterises monolayer formation, followed by an unlimited multilayer. The
unrestricted multilayer formation is due to the availability of finite volume elements above the
external surface or the pore size exposed larger than the adsorptive diameter. As evident in

Figure 2-23, the inflexion (B) point occurs near completion of the monolayer within the concave
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region, noted by a sharp knee. However, where a gradual curvature separates the inflexion
point and the onset of continuous multilayer formation, this may make the adsorbent

characterisation difficult [178].

Type lll isotherms display a convex curve over the entire P/P° region of the isotherm, which
indicates no distinct monolayer formation. The convex nature reflects a weakness in
adsorbate-adsorbent interaction, resulting in low uptakes at the low P/P° region, which is more
peculiar to non-porous and macroporous sorbents. In this case, once the adsorption layer is
established, with increasing P/P°, molecular clusters may form on the already established
layer, and subsequent layers may be produced before completion of adsorption on the first
layer. Adsorption here creates a discontinuous layer of molecules not controlled by van der
Waal forces. As a result, this leads to a sharp uptake towards the higher P/P° region of the
isotherm, with the adsorbed amount restricted at saturation pressure [168]. With adsorption
not limited at P/P° = 1, this suggests that heat of adsorption at layer one formed < the
adsorbate heat of liquefaction, causing the adsorption to proceed. At this stage, the adsorbate
interaction with the adsorbed layer established is higher than the interaction with the adsorbent

surface [168].

Type IV isotherms share similarities with Type Il isotherms at the concave and mid-pressure
regions. At high P/P°, a slope is evident at increased uptake as the mesopores are filled up.
Similar to the Type Il isotherm, the inflexion point near completion of the monolayer indicates
the porous solid’s adsorption limit. Type IV isotherm is typical with mesoporous adsorbents,
whose pore sizes may restrict the formation of multilayer and capillary condensation
phenomena [188]. The notable feature of Type IV(a) is the formation of a hysteresis loop,
occasioned by capillary condensation, in cases beyond the critical pore width (> 4 nm). On the
other hand, the Type IV (b) isotherm, although still applicable to mesopores, has pore sizes

that must fall within the critical diameter to permit reversible adsorption.

Type V isotherms show similar characteristics to Type Il isotherms but account for weak
adsorbate-absorbent interaction potentials at low relative pressure ranges. The limiting
uptakes at the mid pressure region of the adsorption isotherm suggest the likelihood of

adsorption occurring via pore-filling processes. With evidence of hysteresis, such can be
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exhibited by both micro and mesoporous adsorbents [176]. For Type V adsorption at high
P/P°, adsorbate clustering initiates pore-filling. An example of such is the adsorption of water
vapour on hydrophobic sorbents, and also, in the case of phosphorous gas adsorption on NaX

(Zeolite) [166].

Type VI isotherm is a particular case of adsorption occurring in a stepwise (layer by layer)
pattern, with the adsorbed layers formed, attributed to subsequent single layer completion.
Each adsorption layer's height represents the maximum adsorption capacity, with the
sharpness being a function of the adsorption system type and temperature. Type VI isotherm

is familiar with adsorbents with high homogeneous and non-porous surfaces [189].

2.18.2 Hysteresis loops

As shown in Figure 2-23, in the cases of Type IV(a) and V adsorption isotherms, there are
marked deviations where the adsorption/desorption branches are not identical, occurring
within the multilayer bounds at certain P/P° regions. This non-reversible adsorption condition
which often starts from the higher P/P° region of the multilayer bounds, results in an adsorption
phenomenon known as hysteresis. The hysteresis can be considered an intrinsic property of
the vapour-liquid phase transition in a finite volume system [183]. The theory was first
advanced by Zsigmondy, where he suggested its close connection with capillary condensation
theory [190]. According to Zsigmondy, gas vapour condensation within the pore wall for
irreversible hysteresis does not entirely wet the capillary walls, owing to impurities.
Additionally, Foster argues that such a loop may be due to delayed meniscus formation during
multilayer formation in open pores during adsorption. Similarly, the desorption pathway has

been attributed to condensation effects [191].

2.18.2.1 Capillary condensation

The capillary condensation phenomenon, which occurs progressively, has been related to the
pore size distribution's nature, and the stages can be explained using Figure 2-24. During
adsorption, sorbents’ pores are filled progressively by the sorbate due to force fields exerted

on them by the pore walls, bringing about a mono adsorption layer (A). However, as the
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adsorption system pressure increases from the bulk, multilayers (B), which are larger in sizes
relative to the pore dimensions, may begin to form. As these layers accumulate (initiation of
the hysteresis loop) at certain critical P/P° region, they draw closer to each other (C) due to
stronger van der Waals interaction. At this point, the vapour in the pores condenses into a
liquid-like phase due to the capillary condensation [187]. The condensed liquid further forms
a hemispherical meniscus at this saturation pressure limit, when the pores are being filled, as

shown in stage (D).

This added mechanism suggests that thermodynamic equilibrium is not attained over the
adsorption branch. The same applies to the desorption branch if part of the condensate
becomes trapped within the pore cavities, causing a gap between two curves of different
pathways, under the same conditions [190]. The hysteresis loop closes through desorption
after the condensate stabilises. However, at an appropriate vapour pressure, lower than that
which initiates pore condensation, when the pore entrance becomes unblocked, the retained
condensate begins to evaporate, as shown in (E). After this, the desorption process follows
the same process as the adsorption by desorbing the multilayer film in equilibrium with the
vapour in the core of the pore and the bulk gas phase (F). The ease of this desorption of
condensate from the individual pores may depend on whether a clear channel exists linking

the pore to the outer surface.

Figure 2-24-Capillary condensation mechanism [192]
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2.18.2.2 Types of hysteresis loop

According to the IUPAC classification of 1985, hysteresis loops are categorised into four
different types (H1 to H4), to a large extent, based on interpretation of the capillary
condensation phenomena [183]. However, given the recent advances in material
characterisation, the hysteresis loop has further been extended by two more types, namely,
the H2 (b) and H5, Figure 2-25 [187]. Each of the six hystereses has particular features and

associated mechanism, which relates to pore structure characterisation.

H1 H2(a) H2(b)

Wy | /

H3 H4 H5

Amount adsorbed ————
s
—

7
&
L/ —

Relative pressure ———jmm—
Figure 2-25-Classification of hysteresis loops [187]

Type H1 is associated with sorbents with a narrow range of pore size, such as mesoporous
carbons. The pores of such sorbent materials are classified as rigid, and the adsorption
isotherm linked to the Type H1 has a well-defined plateau at high P/P°, which makes it possible
to assess the pore volume. A notable feature of the Type H1 loop is the upper and lower
closure points at the boundary curves, which are almost parallel. Here, pore connectivity

effects are minimal, and the narrow loop suggests delayed condensation in the adsorption

branch.
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Type H2 splits into H2 (a) and H2 (b) types, exhibited by complicated pores, whose shapes
are not well-defined. The steep descent of the desorption branch of the Type H2 (a) has been
attributed to pore blocking in a narrow pore neck or due to cavitation-induced evaporation of
the adsorbed liquid [187]. Pore network effects and cavitation resulting in bubble formation
within the pores account for the forces acting on the liquid due to pressure changes (reduction).
For type H2 (b), the steep loop descent also exists and is associated with pore blocking, but
in this case, the size distribution (width) of the pore is much broader, leading to a gradual
descent of the desorption branch, unlike those of type H2 (a). The hysteresis loop exhibited
here is more pronounced for certain mesoporous ordered materials developed following

hydrothermal treatments.

Type H3 shows no plateau at higher P/P°regions. The main features are the low closure points
on the desorption branch and a sharp uptake at high P/P°, which in the case of nitrogen
adsorption at -196 °C, is located in the region of 0.42 P/P° [190]. Here, the adsorption branch
is associated with the Type Il isotherm, and the closing region of the desorption branch
corresponds to the cavitation-induced P/P° region. Examples of this hysteresis type are

common with the adsorption of non-polar gases by montmorillonite clays [193].

Type H4 is somewhat similar to Type H3, with no apparent plateau being established, and is
commonly seen in Types | and Il isotherms. However, the noticeable difference here is the
higher uptake at low P/P° [187]. The uptake exhibited at the low P/P° region indicates
micropore filling. Type H4 hysteresis loops are found in selected zeolites, as well as micro and

mesoporous carbons

Type H5 although unusual, is often associated with adsorbents with a mesoporous structure
that possess a combination of open and partially blocked pores, for example, plugged

hexagonal template silica [187].

Conclusively, Types H3, H4 and H5 are noted for their sharply descending desorption lines,
generally located within a narrow range of P/P° (~ 0.4 -0.5), peculiar to N2 at -196 °C [106].
Adsorption hysteresis has shown to be familiar with mesoporous materials. Although pores'

size allowed for capillary condensation and evaporation to occur, the pore fillings and emptying
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follow the same approach for microporous materials. The causes and effects of hysteresis are
yet unclear, but this has been attributed to the nature of the adsorption condition, as well as
the sorbent’s structure [187]. A number of studies have reported that low-pressure hysteresis
loops in selected adsorbents may be linked with an artefact of experimental practices, such
as imperfect degassing [165]. Generally, by increasing the adsorption system pressure,
hysteresis shifts, and by increasing the temperature, hysteresis shrinks. Also, at critical
adsorption temperature condition, hysteresis disappears, while in the presence of varying pore

configurations, adsorbate, and adsorbent, different kinds of hysteresis may result [190].

2.19 Adsorption Theories

Theories always guide new experimental developments and are regularly tested for
consistency with process technology advancements. The science of adsorption, which has
further developed, follows ongoing interplays between theory and experiment. Although no
theory was in existence before 1914 for interpreting the adsorption phenomenon; however, in
1916, Langmuir developed a theory, which by extension, underpinned the derivation of many

equations employed in understanding adsorption science.

2.19.1 Langmuir Adsorption Isotherm

Langmuir conceived the theory of van der Waal’s attraction and repulsion forces at the
boundary layer of phases in continuous transition and related them to the adsorption
phenomena. Langmuir found that during such a chemical process, a unimolecular layer is
formed on a sorbent surface [168]. Given van der Waal’s theory, Langmuir explored a kinetic
means to arrive at a model based on the conviction that when gas molecules strike on solid
surfaces, an elastic or inelastic collision may result [168]. This behaviour exhibited by the gas,
which may occur infrequently, could cause them to reflect (elastic) from the solid surface
without losing kinetic energy. However, where an inelastic collision dominates, a loss of kinetic
energy of the gas under motion will result in the gas molecules condensing on the solid surface
for a short time before moving back (evaporating) into the gas phase, where they enjoy some

degree of freedom [84].
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As a result of the time lag with which the gas molecule stayed on the solid surface and held
by van der Waal forces, Langmuir accounted for this to be responsible for adsorption [84].
Also, where the molecular evaporation process occurs slowly, a unimolecular layer of the
adsorbing gas is formed when equilibrium is established. These mechanisms of adsorption
and evaporation occurring dynamically can influence the rate of an adsorption process. In
developing the equation supporting these views, Langmuir believed that adsorption rates
depend on pressure and availability of vacant sites on sorbent surfaces [168]. By contrast, the
desorption rate relies on the extent of sorbents’ surface coverage, as well as the energy of
activation, which the adsorbate must attain at an equal or higher level before desorbing from
the surface. Therefore, Langmuir described the relationship between the unimolecular surface
coverage as a function of partial pressure, under isothermal conditions, by assuming that

[176]:

e gas molecules behave ideally, such that the potential energy due to intermolecular forces

between them is less significant;

e adsorbent surfaces consist of a 2-dimensional array of energetically homogenous energy

sites, known as the potential well of same energy level, where adsorption is localised;

e only one molecule can be accommodated on any available vacant site to form a

monolayer, where additional layers do not build up;

o lateral interaction of gas molecules is negligible, suggesting that the energy state of an

adsorbed gas is independent of the neighbouring one.

Given the above assumptions, Langmuir equated the number of gas molecules evaporating
from the solid surface after striking, to the number condensing onto it, as described by the
reaction Equation 2.23. This guides the derivation of the Langmuir Equation 30, whose

isotherm takes a linear form based on partial pressure.

A(g) + S(s) & A.S (at interface) Equation 2.23
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Equation 2.24

<o

Therefore, the Langmuir equation can be tested against experimental data by plotting P/V
values against P [168]. When fitting the experimental data, obtaining a straight line is
necessary, although not a condition for the theory applicability. A slope 1/ Vm is determined
from this plot, from where the specific surface area of the adsorbent is found [166]. By contrast,
where the plot deviates from linearity, the value of the monolayer capacity (Vm) obtained would

mean the excess measured amount due to structural defects on the adsorbent surface [194].

Also, the value of K is indicative of adsorption strength. Where the value is high, it suggests
high molecular affinity. At this point, the monolayer capacity tends to unity, as against the low-
pressure regime where the K value is small [195]. Furthermore, Vm and K values are both
temperature-dependent and vary from different Langmuir isotherm at different temperatures.
The Langmuir isotherm is said not to be obeyed at higher pressures when the plot of P/V
against P deviates from a straight line, an indication of an adsorbent surface inhomogeneity,
resulting in a variation of the Vm values, which thus infers that the Langmuir equation is not

applicable and cannot account for these changes [168].

2.19.2 Criticism of the Langmuir model

e The assumption that adsorbent surfaces possess vacant sites of the same energy level
has been disputed in many experiments. Vm values obtained vary at low and high-
pressure regions, owing to surface heterogeneity, with adsorption sites spreading over

different energy levels [196].

e The model cannot be applied to Type Il to Type VI isotherms at high-pressure conditions
but is limited to Type | isotherms. This reason is due to reported deviations from linearity

beyond the low-pressure regions of the isotherm.

e Langmuir assumed the non-existence of adsorbate lateral interaction at the surfaces,

whereas evidence of weak forces between neighbouring molecules has been reported
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[195]. This weak interaction from neighbouring molecules results in a variation of
adsorption heat on sorbent’s energy sites, subject to molecular self attraction or
repulsion.

e Langmuir assumed that a monolayer forms on solid surfaces, which is not always the
case, as researchers have proved the potentials of multilayer formation after the
monolayer. This assumption was disputed with the variation of adsorption energy at

different adsorption layers produced [189].

2.19.3 Brunauer-Emmett-Teller (BET) isotherm model

Given the development of Langmuir theory that accounts for unimolecular adsorption,
Langmuir noted that multi-molecular adsorption layer formation is likely with gases at
pressures nearing their saturation limits [84]. Based on this notion, the Langmuir model was
further extended by Brunauer, Emmett, and Teller (BET) in 1938 to account for multilayer
formation [176]. A number of assumptions relied on by BET for the extension of the Langmuir

equation are that:

e adsorption is localised on fixed sites of equivalent sizes and energy level;

e no lateral interaction exists between the adsorbed molecules;

e each adsorbed layer formed acts as a ‘site’ for subsequent ones, and that the multilayers

formed are unrestricted;

e only the adsorbed gas molecules directly in contact with those in the adsorptive phase
experience dynamic equilibrium; the rates of condensation and evaporation are similar for

all layers after the first;

e adsorption enthalpy (AHadas) for all layer formed outside the first is equivalent to the

enthalpy of liquefaction (AHL) of the adsorbed gas.

Based on the assumptions above, the BET equation was derived relying on Langmuir's kinetic

interpretation. However, it accounted for the sorbate interaction at each adsorption layer,
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where condensation and evaporation rates are assumed to be same for all layers after the

first, as described by Equations 2.25 to 2.27:

A(g) +S(s) & A.S (first layer) Equation 2.25
A(g) + A(g) S(s) & A, S (second layer) Equation 2.26
A(g) + A,(g) S(s) & A3 S (multilayer) and so on ... Equation 2.27

Therefore, by extension, the BET Equation 2.28 has now been widely accepted by many

researchers for use in modelling adsorption isotherms and the characterisation of adsorbents

[176]:

P 1 1 Equation 2.28
—=—C+<C——)P/P0
V(Pe—P) V, V,C

Where, P° = saturation vapour pressure (mmHg)
P = equilibrium pressure (mmHg)
V = adsorbed volume at pressure (P) expressed as a molar quantity (mbar)
Vm = complete monolayer coverage expressed as a molar quantity (mbar)

C = a dimensionless constant relating to adsorption enthalpy, as represented in

Equation 2.29:

Equation 2.29

Where, AHa = enthalpy of adsorption of the first adsorption layer (J mol?)
AHL = enthalpy of liquefaction for second and subsequent adsorption layer (J mol?)
R = universal gas constant (8.3142 J mol* K1)

T = adsorption temperature (K)

98



Also, given the assumption that adsorbate evaporation and condensation at subsequent layers
after the first are equal, the constant C relates the energy of adsorption at the first layer [187].
The shapes of adsorption isotherm Type | to VI can indirectly suggest the extent of surface
interaction for a typical adsorption process. Where the value of C approaches unity, AHa
becomes smaller, an indication of the existence of weak adsorbate-adsorbent interaction.
However, where the C value is large, it suggests that adsorption enthalpy is greater owing to
increased surface interaction. As a result, the isotherm knee would look sharp, and Point B,

which defines the limit of monolayer formation, becomes evident [187].

Furthermore, researchers have suggested that C values should ideally be > 150 to
demonstrate adsorption occurring on high energy sites [180] [187]. However, values of C <50
may suggest possible overlapping between the mono and multilayers formed, which may lead
to a doubtful value of the monolayer capacity (Vm) [187]. Under the BET model, the C value is
a determinant factor of the isotherm shape, just as K is for the Langmuir model. The linear
range within which a reasonable value of C may be determined falls within the BET P/P°region
of 0.05-0.35, as the experimental data often deviate above and below this range. Therefore,

upon linearization of Equation 2.28 and plotting the values of P/V(P°-P) against P/P°, a

straight-line graph with slope (s) [C -1 /Vm C ], intercept (i) (1/Vm C) and constant C would be

used for determination of the BET surface area. Alternatively, a combined equation for Vm and

C can be expressed in the form of Equation 2.30 and 2.31 [176]:

V,=1/(s+1i) Equation 2.30

C= (f) 1 Equation 2.31

2.19.3.1 Criticism of the BET model

One major criticism of the BET model is the uncertainty surrounding the correctness of C
values. This arises as several studies have shown that the C value must be positive for the Vm

value to be realistic, as a negative C value will suggest one outside the BET range. Also, a
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clear knee isotherm is necessary as a condition for an acceptable C value, which in most

cases, C values > 100 is favoured [197].

Another limitation is the discrepancy regarding the Vm values obtained upon linearization of
the BET model. Many studies have reported that accurate values of Vm are restricted to the
linear region of the BET plot (i.e., 0.05-0.35 P/P°) for the Type Il and IV (a) isotherms, as the
equation deviates from the experimental data at high-pressure regions, attributed to the
negligence of sorbate lateral interaction [180]. Hence, for an accurate value of Vm to be

determined, monolayer formation must be fully established before multilayer formation.

The assumption that adsorbed layers are infinite at saturation pressure has been disputed in
many studies, where molecular layers formed were limited upon exposure of the solid to

saturation pressure [197].

The assumption that adsorption sites are energetically equal has also been discredited in
several experiments, following a marked variation/reduction in adsorption heat with surface

coverage, as reported in Drain and Morrison's study, due to surface heterogeneity [198].

2.19.4 Determination of BET surface area

Although not always significant in the analysis of microporous adsorbent, the surface area is
vital as a parameter for comparing different adsorbents. It provides a fingerprint of the probe
accessible area, representing the effective area available for adsorption by a given adsorptive
[187]. After determining the monolayer capacity from experimental data, using the Langmuir
or BET model, it is possible to determine the surface area with the knowledge of the average
molecular cross-sectional area occupied by the adsorbate molecule within a completed
monolayer. The relationship between the BET surface area and the monolayer capacity is

expressed in Equation 2.32 [187]:

S=V, XA, XL Equation 2.32

where, S = specific surface area (m? g1),
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L = Avogadro’s constant, 6.0221367 x 1022 (molecule mol?)

Am = adsorbed molecule cross-sectional area over the completed monolayer (m?

molecule?)

Vm = monolayer capacity, expressed as a molar quantity, (mmol g1)

As described above, it is evident that the BET surface area determination depends on
adsorptive choice, the adsorption operating temperature, and the procedure adopted in
locating the P/P° range, within which the BET equation is applied. However, in both cases of
using the Langmuir and the BET model, the surface area obtained may be flawed by the
assumptions upon which these theories were founded. Importantly, in the case of adsorption
in micropores, which follows a volume filling process, locating the exact point B may be
challenging, and extreme caution should be exercised. Therefore to address the above
limitations and the subjectivity in evaluating the BET Vm value, a procedure proposed by
Rougquerol for determining the appropriate location within the BET linear region is beneficial in
cases where micropores are present, and this requires that specific criteria must be met, as

listed below [199]:

the plot of n (P°-P) values against P/P° should continue to increase with a corresponding

increase in P/P°, for the region restricted for the BET application.

e BET plot obtained from the data within the restricted BET range should be linear, with the
intercept on the ordinate being positive, from where a reliable value of C can be

determined.

e values of P/P° from where the corresponding value of Vmis obtained should fall within the

selected BET range.

o where the above criteria are met, the point where the monolayer formation establishes at
P/P° can be recalculated, within 10%, by inputting the C value into the expression 1/ (VC

+ 1) provided V = Vn is stated in the BET equation.
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2.20 Analysis of microporous materials

As the shape of a physisorption isotherm is dependent on the extent of sorbate-sorbent
interaction at any given operating condition; however, at the monolayer adsorption region, the
sorbent structure influences the shape of the adsorption isotherm. By contrast, the sorbent
structure is less pronounced in depicting the isotherm shape for adsorption occurring at the
multilayer adsorption region, as the multilayer thickness depends on the equilibrium pressure.
Although an adsorbed film of uniform thickness represents a characteristic density profile, it is
often assumed that the pore wall's film thickness is uniform. Such statistical thickness can be

explored by normalising the adsorption isotherm.
2.20.1 t-plots method

The t-plot method, proposed by Lippins and De Boer, is one such method utilised for
comparing the adsorption isotherm of microporous materials relative to standard Type I
adsorption isotherm [200]. The plot represents an experimental isotherm, where the adsorbed
amount is plotted against the corresponding adsorbed layer thickness over the P/P° range.
For this, the multi-layer formed during adsorption is modelled mathematically to determine the
statistical thickness over the corresponding P/P° range. The model may utilise an appropriate
thickness equation, such as the one shown in Equation 2.23, dedicated for carbon-based
adsorbents to calculate corresponding t values for the given P/P° ranges on the isotherm [201]
[202].

P P Equation 2.33
t = 0.88 (55)° + 645 (ﬁ) +2.98 q

The resulting t-curve (t vs adsorbed amount) established is compared with the experimental
test isotherm. Any disparity in the shape of the experimental isotherm from the standard t-
curve would suggest a departure of the t-plot from linearity. The model is only valid within
narrow P/P° ranges (0.2-0.5) for adsorption occurring after monolayer formation before the
onset of capillary condensation. As a result, the t-plot is considered unsuitable for analysing

highly microporous materials as adsorption through them occur outside of this range. Hence,
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to account for the validity, the P/P° range applied for such analysis may be adjusted for the
best linear t-plot to be obtained. If the isotherm is identical with the shape of the standard Type
Il isotherm for nonporous materials or mesoporous solid, a straight line passing through the
origin will be evident, and the slope (s) allows the external surface area (S;) of the microporous

sorbent to be determined using Equation 2.34.

S; =sX15.47 Equation 2.34

If micropores are absent within the sorbent structure, there would be a good agreement

between the t-area, S,, and the surface area (Sser) obtained using the BET method [200].

However, where a small fraction of micropores are present in the sorbent structure, the t-plot
will be extrapolated to the adsorption axis. The positive intercept (i) obtained becomes

equivalent to the micropore volume (V,), which can be estimated using Equation 2.35.

V, =i X0.001547 (cm?) Equation 2.35

2.20.2 Dubinin-Radushkevich (DR) model

Dubinin, in 1947, lent credence to the Polanyi potential theory and recognised certain aspects
of the theory that aided the application of the concept of the volume filling of micropores.
Although Dubinin achieved moderate success in accounting for adsorption in micropores, the
significant problem was the inability to extend the theory to non-porous materials and the
characterisation of microporous structures [184]. Due to lack of success in describing
adsorption in micropores, Dubinin and Polanyi developed the volume filling theory of
micropores, where adsorption is governed by a pore-filling mechanism rather than on layer to

layer basis [203].

According to the hypotheses put forward by the Polanyi potential theory, adsorption
phenomena are attributed to long-range dispersion forces that emanate from sorbent surfaces,
resulting in the formation of adsorption layers [204]. Here, Polanyi suggests that adsorption
layers formed are due to compressive forces, occasioned by a fall in adsorption potential,

when gas molecules are attracted to a sorbent surface. This led Polanyi to provide a
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guantitative treatment that correlates the energy of adsorption to the adsorbate density. With
an assumption that the sorbate behaves like an ideal gas, he accounted for temperature

independence with the adsorption potential, represented by Equation 2.36 [205]:

A =—AG = RT In(P°/P) Equation 2.36
where, P = equilibrium pressure (mbar)
° = saturated vapour pressure (mbar)
T = temperature (K)
R = universal gas constant (8.314 J mol 1 K 1)

A = adsorption potential (J)

Based on the potential theory, Dubinin established that the adsorption potential (A) could be
given a thermodynamic meaning, describing it as the differential molar of adsorption,
expressed in terms of negative change in free energy (-AG), as shown in Equation 2.36.
Because micropore sizes are comparative to adsorbate molecules' kinetic diameter, the
successive formation of adsorption layers on the pore walls becomes impossible. It is here
that the surface area losses significance as a means for characterising micropores. Dubinin
then recognised the importance of micropore volume over the surface area, by introducing a
second parameter that represents the degree of fractional pore filling (6 = W/W,), as per

Equation 2.37 [205]:

0 = WKO =f(A/E,) Equation 2.37

With further assumption that the pore size distribution is Gaussian, and by combining Equation
2.36 and 2.37 and introducing a scaling factor, the well-known Dubinin-Radushkevich

Equation 2.38 and its linearized version Equation 2.39 were developed [203] [205]:

w .
o = exl— (B T2)/F2(log (P° /P)?)] Equation 2.38

o
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p° Equation 2.39
logW =logW, — D logz(?)

where
W = adsorbed amount in the micropore when adsorption potential is A.
W, = micropore volume (maximum at A = 0)
B = similarity constant
Eo = characteristic adsorption energy for a reference vapour, usually benzene
B = (2.303R) 2k
D = B T?%/ 2 (a constant that measures the pore size distribution of the adsorbent)

Therefore, the suitability of the DR equation can be tested using Equation 2.39. Using a plot
of log W, against log 2(P/P°), a straight line results, with a slope of D = B (T/8) 2 and an intercept
of log Wo, from where the surface area, effective pore size, micropore capacity (Wo) and
characteristic energy of the adsorption system can be determined. Also, where the density of
the adsorbed phase is known, the micropore volume (Vmicro) can be determined using Equation

2.40:

Vinicro = W, X density correction factor Equation 2.40
Where the density correction factor for CO2 gas at 0 °C is 1.5876 x 10-3 [206].

Despite the benefits of using the DR equation for the characterisation of microporous
materials, it has been reported that the equation is limited in application to homogenous
microporous sorbents with a narrow pore size distribution [203]. This, therefore, fails to
linearize where heterogeneous surfaces dominate the sorbent structure. Hence, to overcome
this deficiency, a modified version of the DR equation, proposed by Dubinin-Astakhov (D-A),

Equation 2.41, is often applied [203].
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pe Equation 2.41
InwW = InW, — Dlog”(?)

where
n = Dubinin-Astakhov parameter
W = adsorbed amount in the micropore when adsorption potential is A.
W, = micropore volume (maximum at A = 0)

D = B T% B 2(a constant that measures the pore size distribution of the adsorbent)

The DA equation included the parameter ‘n’ to account for surface heterogeneity, and it has
been reported that the value of ‘n’ is ~ 2 for porous carbon-related adsorbents, while values of
4-6 are suggested for zeolite materials [203]. Also, in situations where the value of n is not an
integer, such a heterogeneous system can be explained as having a broad pore size range;

hence, the DR equation represents the sum of contributions from the pore size ranges.

Furthermore, although varying cases may arise where it becomes challenging to utilise the DR
equation in the generalised form, as they may require a high computation level, an alternative
interpretation of the generalised equation may be by visual analysis. Figure 2-26 represents a
linear plot of the DR equation functions and their likely deviations from linearity. Any deviation
from the normal Gaussian distribution helps predict the pore size distribution within a porous

material.

106



1) D-R Plot i) Pore-size Distribution

logn I
— Actual
e Dradicted

log2 pfe? Pore diameter
8 \ | ' A

log2pfe® Pore diameter
1ogn |\ |

log ? pfg?

1

logn

log? p/f° Pore diameter
logn \ I -~

log 2 pfp? Pore diameter

Figure 2-26-Potential variations of the DR Plot and its relation to the nature of Pore-Size Distribution
[207] [208].
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2.21 Analysis of mesoporous materials

The analysis of mesoporous solids has a relationship with the concept of capillary
condensation. Given that adsorption in mesopores initially occur on the pore walls as if the
pores are narrow with high energy potential, subsequent pore filling continues with an increase
in relative pressure until the 50 nm mesopore size limit is attained. It is at this stage that the

pore is said to behave like an open surface.

2.21.1 Brunauer- Joyner-Halenda (BJH) theory

The method proposed by Brunauer, Joyner and Halenda (BJH) is has been employed to
analyse pore size distribution (PSD) and total pore volume in mesopores based on the
modified Kelvin equation. The Kelvin equation was developed, given an earlier study by
Zsigmondy in 1911, who described the relationship (P < P°) between the equilibrium pressure
over a concave meniscus of a liquid and the vapour pressure at the same temperature,
permitting vapour condensation into a liquid-like form in a porous material [40]. Also, since the
establishment of a complete meniscus is a condition at saturation, however, by assuming a
cylindrical pore that is radially filled with liquid sorbate, Kelvin related the vapour pressure
above the meniscus of the liquid to the diameter of the containing pore and suggested that the
vapour pressure of the liquid droplet with radius (rk) increases with decreasing r¢ [171] [40].
Thus, it is based on this account that the vapour pressure lowering over a cylindrical capillary

is expressed in terms of the Kelvin Equation 2.42 [171]:

Equation 2.42
PO

P
In (—) = =2YV, /. RT
where
r« = kelvin radius of curvature

R = universal gas constant (8.314 J K mol %)

T = absolute temperature (K)
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y = surface tension (dyne cm 1)

V. = liquid sorbate molar volume (m2 mol -1)

Figure 2-27 shows that ry, is the radius at which pore condensation occurs at a corresponding
P/P°, but cannot be described as the actual pore radius. This is because an adsorbed film has
already been established at the onset of adsorption and remain on the pore wall at a certain
thickness (t) during desorption. Therefore, to enable accurate estimation of the pore size, it
became necessary to account for the multilayer thickness (t) established during the onset of

adsorption [40].

Figure 2-27- Cross-section of open-ended cylindrical pore showing the pore radius (rk) and the adsorbed
layer thickness (t)

Given the inability of the Kelvin equation to account for the influence of fluid-wall interaction in
the containing pore capillaries, BJH, in 1951, proposed a means of estimating the PSD and
total pore volume in mesoporous solids, to account for the thickness of an adsorption layer

based on the assumptions that [209]:
o all pores are open-ended and cylindrical without a porous network.

e although the BJH agrees with the views of the Kelvin equation, however, for the case
of the hemispherical liquid-vapour meniscus at zero contact angle (well-defined surface

tension), the Kelvin equation could be modified to Equation 2.43:

P 2YV, Equation 2.43
In (—) =— RT|cos 6
po Ty
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where
r, = actual radius of the pore (nm)
R = universal gas constant (8.314 J K1 mol -1)
T = absolute temperature (K)
y = surface tension (dyne cm 1)
V.= liquid sorbate molar volume (m3 mol 1)
0 = angle between the physically adsorbed layer and capillary condensate radius (r«)

Therefore, where the thickness of the adsorbed layer is considered, and with the angle
between the physically adsorbed layer and capillary condensate radius being zero, the
effective radius of the pore radius becomes the sum of the multilayer thickness and the radius
(r) obtained from the Kelvin Equation 2.43, resulting in rp, expressed in the form of Equation

2.44 and 2.45 [209]:

T, =T1pcosO+t Equation 2.44

=T+t Equation 2.45
where rp = actual radius of the pore (nm)
r« = kelvin pore radius (nm) (from the Kelvin equation)
t = thickness of the adsorbed molecular layers at a corresponding relative pressure
e = contact angle (where cos 0 = 1)

For practical utilisation of Equation 2.44, the procedure assumed that emptying the capillary
condensate follows a stepwise manner over the corresponding reduction in P/P°, during which
the average pore radius also decreases. The amount of adsorptive lost in each step represents
the core volume of pores emptied at that step; hence a functional relationship between P/P°

and ryis represented by Equation 2.46 [201] [209]:
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p Equation 2.46
r(nm) = —0.415 / log,, (ﬁ) d

Therefore, to estimate the total pore volume (V,), it is taken that the limited adsorbed amount
(mmol g1), which occurs at P/P°0.995, when the pore is assumed to be filled, is converted to

volume adsorbed [201], using Equation 2.47:

m .
V, = > =n.M/p Equation 2.47

where,
V= total pore volume (cm3g?)
p = liquid density at saturation (g cm-)
m = adsorbent mass (g)
n = number of moles
M = adsorbed amount (g)

However, considering a case where the surface area is confined to a network of non-
intersecting cylindrical pores, the total pore volume can be estimated using Equation 2.48, a

relationship with the average pore radius.

Tap = 2V, / Sper Equation 2.48
where,
S set = BET specific surface area (m? g1)

rap = average pore radius (nm)

The result from the pore sizes (rp) is then represented by a plot of AVy/Ar, against rp, known
as the pore size distribution, where AV, is the pore volume obtained from the desorbed amount

over a corresponding reduction in pressure, using the desorption branch of the isotherm.
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2.22 Adsorption kinetics

As described in Section 2-15, it is evident that adsorption rates are a function of the energy of
impact of the adsorptive onto the sorbent surfaces, driven by the temperature of an adsorption
system. The impact of temperature variation may result in the rate of gas molecules
penetration into the interior part of a sorbent being reduced or increased. Consequently, this
would result in slow or high adsorption capacity. Additionally, where the adsorption system's
temperature is increased up to a certain limit, the adsorption rate would also increase
correspondingly, provided the activation energy of the adsorptive is attained. Since adsorption
processes entail molecular diffusion, the kinetic analysis is necessary to determine system
performance, hence the use of adsorption reaction or diffusion models to describe the kinetics
of a given process [210]. The reaction model looks at adsorption chemical reaction kinetics
from an entire process perspective; however, it does not account for the actual course
regarding the stages involved [210]; therefore, it is crucial to explore the kinetics using the

diffusion model.

2.22.1 Diffusion mechanism

From a diffusional viewpoint, it has long been established that most adsorption processes are
controlled by diffusion through the layers at proximity to the boundaries of the sorbent particles
[166]. McBain first established such hypothesis in 1919, where he opined that ‘true adsorption
is nearly instantaneous. And any lag at present can be accounted for by the time required for
the dissipation of the heat evolved, or the comparative inaccessibility of a portion of the surface
of a porous adsorbing agent.’ [211]. Given the above statement, it can be seen that, in the

absence of lag, the estimation of adsorption rates may nearly be immeasurable.

However, where a porous sorbent is present, the steps involved may provide a means of
assessing the mechanisms associated with adsorption kinetics. The adsorption diffusion
model describes adsorption as taken place via four consecutive stages, namely [210] [212] (i)
mass transport of the gas species to the sorbent surface, (i) diffusion of the gas species across
the liquid film at the boundary surface of the sorbent (iii) pore diffusion within the pores, and

finally, (iv) adsorption and desorption process from active sites. As the kinetic process is
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controlled by either of the rate-limiting steps, (ii) and (iii), the extent of diffusion would also
ultimately depend on the pore size, as well as the relative ratio of pore width and the size of
adsorptive [213]. Consequently, it is necessary to understand four variants of diffusional
regimes such as (a) gas diffusion, (b) Knudsen diffusion, (c) surface diffusion and (d) activated

diffusion which may become evident [214].

Gas diffusion occurs where the pore size is larger than the mean free path, in which case the
adsorptive moves freely, and molecule-molecule collisions become more frequent. The mean
free path defines the average distance a molecule travels between collisions. For Knudsen
diffusion, the molecule sizes are closer to the pore size, causing the mean free path to be
slightly shorter; hence molecule-wall collision dominates. The surface diffusion is evident when
the mean free path is greater than the pore size, resulting in the adsorbate molecules
becoming too close to the sorbent surface, with diffusion occurring via the movement of gas
species along the surface of the pore walls. For activated diffusion, pore sizes are close to the
kinetic diameter of the adsorptive; and here, the energy barrier at pore entrances limits
molecular penetration rates; therefore, gas species must overcome the energy barrier to enter
the pore. Also, it is pertinent to note that, for diffusion in polymeric materials, different forms of
diffusion, described as Fickian, Case Il (non-Fickian) and anomalous (non-Fickian), may be

evident [215].

2.22.1.1 Fickian diffusion (case |)

Fickian diffusion is related to Fick’s theory, which assumed that the flux of a diffusing
substance through a unit area is directly proportional to the concentration gradient, described

as Case | or Fickian diffusion, and represented by [216]:

J =—-DaC/ox Equation 2.49

where,

J = flux per unit area of material (mol m2 s1)

C = concentration gradient of diffusing substance (mol m-)
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x = flux direction measured over the cross-sectional area of the material (m?)

D = coefficient of diffusion (m2 s1)

As shown in Equation 2.49, it is evident that Fickian diffusion is concentration-dependent and
may entail substance transportation from an area of higher concentration to that of lower
concentration in the direction of diffusion. Although such a transport process may not represent
gas species' movement, especially in transport pores, pores such as the micropore invalidate
this view, as surface diffusion often dominates here. Another fundamental criterion for Fickian
diffusion is that the surface concentration attains equilibrium upon a change in conditions,
which remains unchanged through the sorption process [216]. Hence any deviation from
Fickian diffusion may be likened to a consequence of the rates with which changes occur
within the sorbent structure in response to external stresses experienced by the sorbent [216].

Generally, the rate of diffusion for any given process is represented by Equation 2.50 [217]:

M. /M, = kt™ Equation 2.50

where

M: = sorbate uptake at time (t) in (g)

Me = sorbate uptake at equilibrium (g)

k = rate constant (s)

n = diffusional exponent, relating to the nature of diffusion

Equation 2.50 can be employed to describe the mechanism of adsorption using a plot of In
(M¢/Me) versus In (t), from where n representing the slope may be determined. For Fickian
diffusion, the value of n is 0.5, an indication that M/Mg is not directly proportional to t; however,
in cases where n = 1, the mass change becomes proportional to t, making the process a

concentration-independent one, defined as Case Il diffusion [217].
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2.22.1.2 Linear Driving Force Model (case II)

As case Il represents a concentration-independent one, diffusion here follows a linear driving
force (LDF). The characteristic feature of the LDF is that an initial induction time is established
at the film surface boundary. Also, a small Fickian precursor is ahead of this front at the
boundary, with a developed sharp and well-defined front advancing into the polymeric material
at a constant velocity, resulting in the uptake amount increasing linearly with time [215] [218].
As a result, the advancing front is seen as controlling diffusion at a constant velocity, and the
diffusion process proceeds at a much quicker rate. The LDF model is represented by Equation

2.51:

¢ _kt Equation 2.51

where

M: = sorbate uptake at time (t) in (g)

Me = sorbate uptake at equilibrium (g)

k = rate constant (s1)

For the LDF model, plot In (1-Mt/Me) against t produces a straight line from where K,
representing the rate constant, is determined from the slope. The LDF, as a mass transfer
model, has been utilised in many cases for evaluating the kinetics of adsorption in porous

materials.

2.22.2 Non - Fickian / Anomalous Diffusion model

Anomalous diffusion cannot be employed to characterise Fickian or Case Il diffusion. This is
because diffusion here is time-dependent relative to the cooperative motions required to
accommodate diffusant distress within the polymeric structure. For this case, the value of n
ranges from 0.5 < n < 1 [216]. A number of early researchers, such as Park and Crank,

investigated non-Fickian diffusion of a penetrant molecule into a polymeric structure by
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introducing the concept of swelling, akin to changes induced by internal stress gradients in the
polymeric material, based on time-dependent surface concentrations. Although the model
developed were useful in predicting several features of non-Fickian diffusion, however, they
were unable to present a clear prediction of the sharp front [219]. Additionally, Frisch
suggested that polymers below their glass transition temperature limits often experience a
time-dependent change in molecular relaxation times and surface concentration, required to
maintain sorption-equilibrium at boundary interfaces [220]. This may suggest that the torrefied
carbons developed in this work may experience a similar non-Fickian diffusion mechanism

within their pores.
2.22.3 Stretched Exponential (SE)

For a complex condensed matter system that undergoes swelling-stress-relaxation processes,
which results in molecular rearrangements, the stretched exponential (SE) function may be
useful in describing kinetics. Additionally, Zeng and Xu suggest that such a complex system,
characterised by a change in structure due to induced stresses, needs to be modelled by
introducing a number of parameters into a model framework to help fit the experimental data
[221]. For an adsorption system, the SE model, which is a form of a larger nested model, takes
the form of Equation 2.52:

M,

= ACL = eCFO)

e

Equation 2.52

where

Mt = sorbate uptake at time (t) in (Q)

Me = sorbate uptake at equilibrium (g)

k = rate constant (s1)

A = constant (A = 1, when Mt = Me)

B = exponential parameter
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Given that gas species diffusion into porous structures, experiencing anomalous diffusion,
undergo a relaxation process, Fletcher et al. reported that SE model derivation for different
physical mechanisms shares a common underlying mathematical structure [222]. Therefore,
the exponential parameter 8 with a value of 0.5, represents a one-dimensional process
governed by a distribution of relaxation times, while the value of 8 = 1 represents those
governed by a single relaxation time. The case 8 = 1 is similar to the LDF model; however,
changing from LDF to SE model indicates a change in the process relaxation time, from a

single value to a case of distribution of relaxation times [222].

2.22.4 Nested Kinetic Models

Several researchers have suggested the modelling of adsorption kinetics as a complete set of
nested equations. Bagley and Long, in 1954, investigated the adsorption rates of acetone
vapours and methanol on cellulose acetate [223]. They found that diffusion rates of the
penetrants into the polymer structure exhibited a two-stage process behaviour. The first, which
is fast, aligns with Fick's law and only involve an elastic expansion of the polymer network
without causing any change in the polymer structure. Additionally, the first process is seen as
proceeding a ‘quasi-equilibrium state, a state in which the system deviates from equilibrium

by an insignificant amount (i.e., a slow process) and does not obey the Fick’s law.

The second kinetic process, which exhibits a slow process, involves altering the polymer
structures rather than exhibiting an ordinary diffusion [223]. As the two-step processes
exhibited Fickian and non-Fickian behaviours, Fletcher et al. suggest modelling such kinetic
profiles over an incremental change in pressure for adsorption occurring in porous sorbents is
possible using a series of nested equations. The nested model, based on the double
exponential and double stretched exponential, could provide a better picture of the diffusional

processes involved in the adsorption process kinetic [222].
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2.22.4.1 Double exponential (DE)

The DE model has been employed in the description of adsorption kinetics of gas species on
porous materials. The study by Wilczak and Keynote investigated the adsorption kinetics of
lead (1) and copper (Il) unto activated carbon using the DE model [224]. They reported that
the sorption kinetics could be divided into two steps. The first step, being the rapid phase,
involves internal and external diffusion, while the second process, described as being slow, is
governed by intraparticle diffusion. The two-step mechanism with two rate-limiting steps, and
rate constants (ki and k2), can be described by the DE model, as represented in Equation 2.53
[222] [210]:

Equation 2.53

M
M—t =A,(1—e™ ) + (1 —A4,)(1 — ekat)
e

where
Mt = sorbate uptake at time t (s) in (g)
Me = sorbate uptake at equilibrium (g)
k1 = rate constant (s?) for the first process (fast)
k2 = rate constant (s1) for the second process (slow)

A = fractional contributing parameter for to kz and k2 (where A1 + A2 = 1) and 1 — A1=Az)

However, where the rate constant ki is far greater than kz, this suggests that the fast process
can be assumed negligible in describing the entire process kinetics [210]. The values of A1,
Az , kiand k2 can be determined from a plot of M/Me against t [210]. Additionally, since it has
been known that diffusion rates through porous solids are dependent on the structural features
of the material, Fletcher et al. also proposed that describing the kinetics by two processes with
a single relaxation time suggests that the slow process would entail diffusion through pores
that require high energy of activation, while the fast process represents a case of diffusion in

pores with low energy of activation [222].
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2.22.4.2 Double stretched exponential

A parent model that could better describe two processes' adsorption kinetics with a single
relaxation time is the Double Stretched Exponential (DSE). The model is different from the DE

model with the inclusion of two B parameters, the 1 and 2, as shown in Equation 2.54.

M .
Vt — Al(l _ e(_klt)ﬁl) + (1 _ Al)(l _ e(—kzt)ﬁZ) EquatIOI’] 254

e

where:
B1 = exponential parameter for the first process
B2 = exponential parameter for the first process
N/B — all other terms in the equation have been defined earlier in previous sections

Equation 2.54 can be reduced to the DE model by setting the exponential 1 and B2 parameters
to 1 and the SE model with the A parameter set as 1, thus reducing the model to account for

a one-rate controlling process as the LDF.

2.23 Summary

Chapter 2 of this work has presented a review of previous studies on biomass torrefaction and
the theories governing adsorption processes. The characterisation techniques discussed have
offered an insight into the relevant characteristics expected of sorbent materials and how they
may guide in evaluating CO2 adsorption performance. Based on the evidence provided, it can
be seen that sorbents’ developmental processes can influence their adsorption properties,
such as porosity and surface functionality. Sorbents’ performance can be benchmarked
against each other, and a suitable characterisation technique will expose similar

characteristics for comparison when utilised.

Consequently, it is anticipated that by tuning the inherent properties of carbonaceous

materials, such as biomass, by employing “torrefaction”, the resulting structure may be utilised
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for CO2 capture and cofiring application. Therefore, this research is focused on studying the
COz2 capture potentials of torrefied carbons and their application for CCS. As CCS processes
involve the regeneration of captured CO: following an adsorption cycle, energy expended
during the regeneration process is a significant concern. However, to compensate for
expended energy, torrefied carbons developed in this work would be such that, once they are
fully utilised for COz capture in an adsorption system, they can be recycled as fuel for cofiring
in the same power plant integrated into the CCS unit. The purpose is to offer a closed-loop
approach for the CO:2 capture process from coal-powered plants, using torrefied carbons for

the CCS and cofiring application.

To meet the research's intended objectives, it may be necessary to analyse selected soft- and
hardwood's torrefaction performance under varying torrefaction conditions. Torrefaction
performance indicators, such as - the mass vyield, energy yield, energy gain, atomic ratio,
calorific value and hydrophobicity of the untreated and torrefied carbon samples, would assess
the sorbent and fuel qualities. Additionally, the torrefied carbons' chemical and elemental
properties via the ultimate analysis and the Fourier transform infrared spectroscopy may help
identify the functional groups present in the untreated and torrefied carbon samples. An
adsorption study aimed at determining the surface area of torrefied carbons using the BET
method under the nitrogen adsorption at -196 °C, as well as the characterisation of the
torrefied carbons using COzat 30 °C, would provide information on the equilibrium capacity of

the CO: adsorption process under the varying adsorption temperature condition.

Furthermore, following the adsorption process, the determination of thermodynamic and
kinetic parameters of the CO2 adsorption using an appropriate kinetic model at the selected
adsorption temperature condition would enable a comparison of the torrefied carbon
performance with other sorbents used in industries. This would inform future potentials of using
torrefied carbons in reducing energy consumption in processes. The post CO2 adsorption HHV
analysis of the spent torrefied carbons would expose the recycled fuel quality and the suitability
for cofiring in the intended system. The characterisation technique employed in this work is
described in Chapter 3, and the results obtained, given their analysis, is discussed in

subsequent sections.
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Chapter 3 : EXPERIMENTAL METHODS

3.1 Materials and methods
3.1.1 Sample preparation

For the torrefaction experiments presented in this work, two woody biomass samples, namely
Iroko (IR) and Scottish Pine (SP), were utilised. The Iroko wood samples of about 3 kg were
purchased from the Timber market at Enugu State, Nigeria. The Iroko wood was sourced from
a forest situated at Ondo state (south-west) Nigeria. Similarly, the Scottish Pinewood samples
of similar amount were collected from the Glasgow Wood Recycling company. These wood
samples were cleaned during the collection with a cotton material to ensure that contaminants,
such as sand and soil, were manually removed. Also, coal samples used for the experiment
were collected from Dangote Cement Plc’s factory, at Ibese, Ogun State, Nigeria, in a
pulverised form of size < 1.2 mm. As received, the samples were stored in a polythene bag
and kept in a dry cupboard under room temperature to prevent their degradation and loss of

moisture.

Each untreated IR and SP sample was reduced into cubed-size shape, of length and width,
between 4-7 mm. The choice of sample size for the experiments was to enable recovery of
suitable torrefied solid product for use in the CO2 adsorption studies and fuel characterisation.
Additionally, it is anticipated that smaller sized samples < 2 mm would be further reduced
under selected torrefaction conditions. As in previous studies, most torrefaction experiments
using woody biomass have been limited to using sample sizes of 1 mm [101] [117] [139].
Therefore, during the woody biomass cutting process, the powdery particles of < 2 mm
recovered from the samples were characterised using the thermal gravimetric technique. The
4-7 mm IR and SP samples were used for the torrefaction experiments under a CO2 gas

atmosphere as the inert gas.
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3.1.2 Equipment used for the study

e An ABB MB300 Series Fourier Transform Infrared Spectroscopy (FTIR) using the
Horizon MB™ FTIR software to obtain spectral information of the samples for

characterisation;

e A Perkin-Elmer Series Il CHNS/O 2400 analyser at the University of Glasgow was used
for the analysis of the elemental composition of the coal sample, as well as the

untreated and torrefied carbon samples;

e A Micromeritics Accelerated Surface Area and Porosimetry Analyser (ASAP) 2420 was

employed for the surface area and pore size analyses of the samples;

¢ An Intelligent Gravimetric Analyser, from Hiden Isochema Limited, was used for the

CO: adsorption studies of the torrefied samples;

e The thermal properties of the samples and the proximate analysis were carried out

using a Thermogravimetric Analyser (Netzch STA 449 F1 Jupiter);

e A Carbolite MFT 12/38/250 tube furnace, integrated with Eurotherm 2132 PID

controller, was used to carry out the torrefaction experiments;

e Kruss Drop Shape Analyser (DSA100), v1.92 was used for contact angle

measurements to assess the untreated and torrefied carbon samples' hydrophobicity.

3.2 Sample characterisation

3.2.1 Proximate analysis

Before carrying out the torrefaction experiments, it was necessary to comprehend the samples
(IR and SP) thermal properties. Proximate analysis was carried out using NETZSCH
Simultaneous Thermal Analyser (STA) (model: 449 F3A-1141-M, Germany); a combined
Thermal Gravimetric Analyser and Differential Scanning Calorimetry (DSC) instrument, shown

in Figure 3-1. The Thermal Analyser includes a highly sensitive balanced chamber for
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weighing samples and a silicon-carbide furnace to heat samples up to 1700 °C. Although high
sensitivity weight measurements of the samples may be influenced by a number of undesirable
forces, such as; the buoyancy and thermal forces, which may be acting on the balance; the
sample and the sample pan, however, the TGA has an integrated computer software program

to account for these forces.

Before loading samples for analysis, an alumina crucible was placed on a null balance drive
system which applies a force to the balance movement. The null balance within the TGA
instrument balance chamber supports the sample pan and the reference pan. This helps
maintain the balance in an equilibrium position to enable sample weighing during heating. After
a stable weight was achieved and tareing of the balance, the crucible was removed. And for a
given sample of the IR and SP sample, of sizes < 1.2 mm recovered during the cutting process,
approximately 18.50 mg (+/-1 mg) were weighed out and loaded into the alumina crucible.
Following this, the crucible was placed back on balance and lowered into position before

initiating the sample analysis.

Figure 3-1-NETZSCH Simultaneous Thermal Analyser used for the thermal analyses
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The proximate analysis was programmed to align with the British Standard-BS1016 method,
based on Ottaway's adopted procedure [225]. Gas flow was activated, and once the sample
weight stabilised under the N2 flowing gas at a rate of 50 cm?® min-1, the temperature was raised
to 105 °C, at a heating rate of 20 °C min-1. The sample heating at 105 °C continued at this rate
for ~ 20 min to enable moisture removal from the sample. Next to this, the temperature was
ramped to 950 °C, where the sample was heated and stayed for ~ 7 min to enable the liberation
of volatile matters. Once this stage was completed, the thermal environment was switched to
oxidative (oxygen) at the same heating rate of 20 °C min-1, where the oxygen gas flow at the
rate of 50 cm3 min-t was maintained. The temperature was reduced to 750 °C, and the sample
was held for another 20 min. After the final stage, which resulted in ash production, the final
mass was stabilised for about 1 hr after switching the gas to N2 flow to permit cooling down of
the reactor. The changes by mass of the samples under the different heating regimes were
recorded using the Proteus software. The mass percentage fraction of the samples were

extracted from the TGA curve generated.

3.2.1.1 Calculation of compositions

The proximate analysis was employed to characterise the biomass samples for the
composition of moisture, volatile matter, ash, and fixed carbon contents. Calculations were
performed using Equations 3.1 to 3.4 as per procedure in Ottaway [225]. The fixed carbon

content of each sample was obtained by difference.

m .
% moisture = 100 [ 1 — m&] Equation 3.1
initial

m .

% volatile matter = 100 [ 1- mﬂ] — % moisture Equation 3.2
initial

% ash = 100. mgg, /Minitial Equation 3.3
% fixed carbon = 100 — [% moisture — % volatile matter — % ash) Equation 3.4
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where,

Miniial = initial mass (measured under the flow of N2 at 50 cm?® min-! at room temperature)

m1os = mass of sample after heating at 105 °C (measured under flowing N2)

Moso = mass of sample after heating at 950 °C (measured under flowing N2)

Mash = mass of the sample after combustion in (O2/air) at 750 °C)

3.3 Experimental investigation

3.3.1 Choice of torrefaction condition

The choice of CO2 gas for the torrefaction experiment was to promote a sustainable closed-
loop system of using torrefied carbons for CCS applications. Additionally, the use of CO:2 for
the torrefied carbon development would further optimise CO2 capture process economics.
Although different gases, such as - Ar, N2, Oz and NHs, have been reported for use in biomass
torrefaction [135], CO2 gas has been considered suitable for modifying the physicochemical
characteristics of biomass [226]. The choice of CO: gas for this work is further supported by
the findings reported by Saadon et al., where the grindability of biomass torrefied with CO:2
was better than the case of the same biomass torrefied with nitrogen gas, making it more
suitable for energy application [227]. Also, as the current work is focused on CO:2 capture from
the combustion stacks of coal-based power plants, the CO: effluents can further be recycled
for torrefied carbon development, thus lending further support to ensuring a sustainable

closed-loop system.

For the choice of torrefaction temperature, as explained in Sections 2.6 and 2.7, different
torrefaction types and conditions have been known to enhance biomass properties for fuel
applications; however, most studies reported have limited their findings to torrefaction
temperature conditions below 300 °C. More so, at temperatures < 300 °C, torrefaction
conditions have been categorised into light, mild and severe cases, based on the temperature

regimes. These regimes also impact differently on the mass and energy balances of a given
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torrefaction process. The torrefaction condition of 250 °C, over a residence time of 30 min, has
been described as light torrefaction and was applied for biomass utilisation for fuel applications
in [228]. The mild temperature range of 250-270 °C had been employed for biomass
enhancement for commercial and energy reduction in processes. However, for the severe
torrefaction case above 300 °C, little analysis has been performed on the potential use of
torrefied carbon for other industrial applications, such as carbon capture. Hence, the choice of
temperatures > 300 °C and a residence time of 60 min as used in the current work was aimed
to study the characteristic feature of torrefied carbons and their suitability for carbon capture

applications.

Additionally, the choice of 320, 350 and 380 °C would permit a comparison of the impacts of
changing torrefaction condition, as shown in other studies, to contribute to the body of
knowledge. Aside from this, CO2 adsorption studies of using torrefied carbons have not been
investigated in greater detail in past studies; hence, the findings from the current work would
provide more insight on the impacts of other torrefaction controlling parameters in torrefied
carbon development. The other parameters considered in this work are the residence time
and the heating rate (constant), as shown in Table 3-1, given their importance in biomass
structural modification during torrefaction. These choices have been supported by other
findings from other studies, as little investigation had been carried out on CO2 adsorption

studies of torrefied carbons.

Table 3-1-Torrefaction condition used for this work

Material | Temperature (°C) Residence time (min) Condition
IR 290 60 IR-290
IR 320 60 IR-320
IR 350 60 IR-350
IR 380 60 IR-380
SP 290 60 SP-290
SP 320 60 SP-320
SP 350 60 SP-350
SP 380 60 SP-380

(Heating rate of 10 °C min™t)
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3.3.2 Experimental set-up

The torrefaction experiments were carried out using a horizontal tube furnace of length 56 cm.
The tube is made from a borosilicate ceramic material. The tube is of length 75 cm, with outside
and inside diameters of 3 cm and 2.5 cm, respectively (tube thickness = 0.5 cm). The furnace
heating is controlled by Carbolite MTF 12/38/250, integrated with Eurotherm 2132 PID

controller.

The experimental set-up comprises a beaker containing distilled water to receive the
condensable volatiles, a CO2 gas cylinder, and a flow meter to regulate the flow of CO2 gas
from the gas cylinder through the reactor. A stopper (cork) fitted at each end of the 75 cm tube
is pierced at the centre to allow for the inflow and outflow of CO2 gas and the volatiles produced
following the torrefaction process. The schematic description of the torrefaction experimental

set-up is shown in Figure 3-2.

Tubular furnace

Vent (COy, CO,

I — non-condensable

: = = =p VOlatiles)
Loaded Sam[‘;le !

Eurotherm 2132 PID
controller

AC electrical power
supply

Co; gas cylinder

Water + condensable
volatiles

Figure 3-2- Schematic diagram of the torrefaction experimental set indicating the components
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3.3.3 Torrefaction operation process

For each torrefaction experiment, IR and SP samples of about 1.6 g (+/- 10%) were loaded
into a boat like shaped crucible (weight-14.6857 g) and positioned at the centre of the 75 cm
ceramic tube before slid through to the centre of the 56 cm length furnace. After this, the
stopper was attached to the tube outlet to a beaker containing distilled water to receive
condensable-volatile products. The non-condensable volatile products are made to pass
through to the venting system. CO: gas from a vertical cylinder was supplied through the
reactor tube at the rate of 100 mImin-tinitially for about 5 min at room temperature to create a

non-oxidative atmosphere within the tube.

Following this, a heating program of 10 °C min-! was applied to the master PID controller based
on selected torrefaction conditions under the CO:2 gas continuous flow. A residence time of 60
min, representing the dwell time, during which the loaded sample stays in the reactor was
programmed. Once the dwelling time is attained, CO2 gas continues to flow through the reactor
to facilitate the cooling down of the reactor and the torrefied carbon sample. After the reactor
cools down to room temperature at the end of each torrefaction cycle, the torrefied carbon was
carefully removed and kept for further analysis. Each torrefaction cycle was repeated three
times for consistency and confidence in the results, and the key performance indicators (KPI)
were estimated. The KPIs, such as the mass yield, energy yield, energy density, enhancement
factor and energy gain, are discussed and the results presented in the subsequent chapters

of this report.

3.3.3.1 Determination of mass yield

After the torrefaction, the mass and energy balance was determined based on the solid and
volatile product by difference. The initial mass (Mn) of the raw biomass sample reduces to
(Mr2) after torrefaction due to loss of volatile components (Mss). Although Equation 2.14 may
be utilised in determining the fraction of volatile given off, the mass yield was estimated using

Equation 3.5:
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M Equation 3.5
Mass Yield (MYy,) = M_fz % 100% quation
F1

where
Ms2 = mass of torrefied product on a dry basis (db)
M = mass of untreated sample on db
MY = mass yield on db

In this case, the mass yield is distinguishable from other results obtainable from a typical drying
process. The torrefaction case is concerned with the changes occurring within the organic

component of biomass materials on a dry basis.

3.3.3.2 Determination of energy vyield

The energy yield (Ey), which represents the fraction of the biomass's energy-rich components
retained following torrefaction, was due to the loss of the samples' energy-lean fractions. The
energy yield is obtained from a calculated ratio of the higher heating value (HHV) of the solid
product to that of the raw feed (i.e., the enhancement factor) and it is determined using

Equation 3.6 [229]:

Ey,(wt.%) = (MYgp) X (HHViorrefiea /HHVuntreatea ) Equation 3.6

where, HHVproduct = higher heating value of torrefied solid product (MJ Kg?)
HHV+eed = higher heating value of feed (untreated sample) (MJ Kgt)

The result of the solid products' energy yield realised from the torrefaction processes is

discussed in Chapter 4.
3.3.3.3 Determination of energy density, enhancement factor and energy gain

Energy densities, representing the extent of valuable chemical energy stored per unit mass of

torrefied biomass, were determined following the selected biomass materials' partial
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combustion. The energy density is associated with biomass calorific value in terms of the HHV
or low heating value (LHV). In principle, the HHV represents the quantity of heat liberated,
following the combustion of a specific amount of fuel (primarily at 25 °C), while accounting for
the heat involved in the moisture removal [94]. By contrast, the LHV (net calorific value) defines
the quantity of heat liberated, upon complete combustion of a given amount of fuel, without
accounting for the heat of vaporisation of the products formed, whose value is always less
than the HHV. [230]. The energy density (Ep) for the solid phase was calculated using Equation

3.7:

Energy Density,E, = Ey/My Equation 3.7

where Ep = energy density
Ev = energy yield
My = mass yield

Additionally, another indicator used in evaluating the torrefaction performance is the
enhancement factor (Er) of the HHV, expressed by Equation 3.8. The indicator assesses the
degree of torrefaction of the untreated sample, and where the value obtained > 1, it suggests
there is relative gain per unit mass of the torrefied sample. Therefore, the greater the value

(above unity), the higher the energy gain.

HHVtorrefied Equation 3.8

Enhancement factor (Ep) =
HHVuntreated

Furthermore, although the enhancement factor, by implication, increases with increasing
torrefaction severity, the extent of increment might be detrimental to the mass product yield.
Given this, it becomes necessary to determine an optimum condition for torrefaction
performance. The energy gain method proposed by [231] was employed as a better response

variable/indicator, and the values were determined using Equation 3.9.
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[HHVtorrefied — HHVuntreated] Equation 3.8
HHVuntreated * 100

[Massuntreated - MaSStorrefied]
Massuntreated

Energy gain (E;) =

For the current work, the enhancement factor and the energy gain, for the torrefied IR and SP
samples, under the different torrefaction process conditions were estimated and discussed in

Chapter 4.

3.4 Analysis of torrefied carbon as fuel

After torrefaction, the torrefied carbons were analysed for fuel properties and CO: capture
potentials. The analysis was to determine the changes impacted by the selected torrefaction
conditions using various analytical techniques. For the analysis, a small amount of the torrefied
solid product was weighed out and crushed into smaller sizes, < 1.2 mm, using a small
laboratory mortar and pestle. Also, for the torrefied carbon sample size required for the CO:2
adsorption analysis, smaller fractions were cut from the torrefied solid product. The procedures

for analysis of the result are explained in the subsequent sections.

3.4.1 Hydrophobicity of the samples using contact angle techniques

Contact angle experiments were employed to analyse the untreated and torrefied carbons’
wettability. The Kruss Drop Shape Analyser (DSA1) v1.92, shown in Figure 3-3, was used.
The benefit of such analysis was to determine the angle of contact between solid, liquid and
vapour, which are influenced by specific forces, namely: the interfacial tension between the
liquid and the surrounding vapour, the interfacial tension between the solid and the vapour,
and also the interfacial tension between the liquid and the solid. The net result of the
hydrophobic and hydrophilic interactions between the solid surface molecules and liquid
molecules, following the deposition of a liquid droplet unto the solid surface, is the exhibition
of a characteristic angle of contact that indicates a relative attraction of moisture on the
torrefied solid surface. Like most liquid, water is known to have the capacity to wet solid

surfaces and produce a contact angle due to its polar nature.
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Figure 3-3-The photograph of Kruss Drop Shape Analyser (DSA100) used for the wetting investigation

So, for this analysis, a sessile-drop measurement method was employed. The Kruss
instrument was programmed to analyse a circular droplet (circular method), where the contact
angle was estimated from the circular arc and the baseline intersecting it. The baseline is the
boundary between the drop contour and the surface of the liquid. Once the sample to be
analysed was placed onto a horizontal surface, the high-resolution camera was focused on
the sample. After this, approximately 5 uL of water was taken from a beaker containing distilled

water using a pipette and was dropped onto the sample surface.

For measurements to be taken, the camera was focused on the image of the water droplet.
The image was recorded and transferred to the analysis software, following a manual
adjustment of the baseline, until a blue baseline was observed. Once the blue line matches
the water droplet's actual base on the sample surface, representing where the water droplet
meets its reflection, the contact angle measurements were taken. The pictures of the
measurements were captured three times, allowing for the average value of the contact angle
to be determined. The analysis error limits were within the range of (0.02-0.68%) for each

sample analysed.
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3.4.2 Ultimate analysis (CHN) of the samples

The CHN elemental analysis of the untreated and torrefied carbon samples was carried out at
the University of Glasgow Chemistry laboratory, using Perkin-Elmer Series II CHNS/O 2400
analyser (Figure 3-4). The samples’ analyses were carried out, using atropine and cysteine as
the calibration standard compounds, with known k-factor. The k-factor was based on the
analysis of these organic compounds with known elemental compositions. The procedure
adopted for the ultimate analysis aligns with the European Standard BS EN 15104:2011 [232].
It aimed to analyse the percentage composition of carbon, hydrogen and nitrogen in all
samples investigated. Before analysis, the Perkin-Elmer Series Il analyser was tested for gas
leakage and was set to a temperature of about 900 °C for the sample combustion. After this,
~ 2 mg (+/- 0.5 mg) of the calibration standard and those of the coal, untreated and torrefied
samples, respectively, of sizes < 90 um, were loaded into a tin capsule, which was weighed
and folded. Also, for every four samples analysed, a hew calibration standard is prepared for
analysis to ensure the unknown samples' elemental composition results are consistent and

reliable.

Figure 3-4-The Perkin-Elmer Series Il CHNS/O 2400 analyser used for the study
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Following this, each sample was analysed in triplicate, during which the calibration standard
and the sample for analysis was dropped into the reaction chamber. Oxygen gas was then
dosed in an excess amount to enable the sample in the reaction chamber to be combusted
within the combustion tube, thus, producing gaseous products, like CO2, CO and N20. As the
gaseous products are being released, they are swept from the combustion chamber by a
carrier gas (helium) into a reduction tube, operating at a cooler temperature of ~ 600 °C. While
the gaseous products are being swept off, they are contacted over copper. The excess oxygen
is removed, and the NOx traces are converted to Nz, following the copper oxidation to copper

(1) oxide.

The CO gas produced during the combustion process oxidizes to CO2 gas over the copper
oxide generated. Before being passed through a high sensitivity gas chromatographic (GC)
column, these reduced gases mixed up where they are separated at different rates. Upon the
separated gases exiting the GC column, they are detected by a thermal conductivity detector
cell in the order of N2, CO2 and water. The samples' sulphur contents were below the detection
limit and were considered negligible, and also given that the CHN components constitute ~
97-99% of organic biomass fraction [233]. The relative errors for each element analysed are -
C (0.1 -0.8), while the H and N were < 0.2%. The oxygen contents of the IR and SP samples

analysed in triplicates were determined by difference, using Equation 3.10.
0% =100—-C% — N% — H% Equation 3.9

Additionally, from the CHN analysis, the torrefied carbon's atomic ratio for its fuel properties
was determined using a linear function represented by Equation 3.11. Equation 3.11 shows
the relationship of the hydrogen to carbon ratio (H/C), as well as the oxygen to carbon (O/C)

ratio, proposed by Jones et al. [234]:

H 0 ,
7= 14125 (E) + 05004 Equation 3.10

where

H = hydrogen content
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C = carbon content

O = oxygen

3.4.3 Analysis of the higher heating value of the samples

Although the HHV of the untreated and torrefied biomass samples can be determined
experimentally using a bomb calorimeter, an alternative correlation proposed by Fried! et al.
was adopted for the current study [235]. The HHV was aimed at assessing the impact of each
torrefaction condition on the biomass samples, as this would be beneficial for energy balances
in CCS applications. The model proposed by Friedl et al. utilised some experimental data
based on the elemental composition of ~ 122 different biomass samples. Two regression
models, namely — the ordinary least squares (OLS) and the particle least square (PLS) model,

were developed as represented in Equation 3.12 and 3.13:

HHV (OLS model) = 1.87C? — 144C — 2820H + 63.8C X H + 129N + 20147 Equation 3.11

HHV (PLS model) = 5.22C% — 319C — 1647H + 38.6C X H + 133N + 21028 Equation 3.12

Friedl et al. found that the OLS and PLS models generated nearly identical results. An average
value of both models was used to arrive at a generic Equation 3.14 to estimate the HHV of the

untreated and torrefied products [235].

HHV = 3.55C? — 232C — 2230H + 51.2CH + 131N + 20,600 Equation 3.13

3.4.4 Analysis of the torrefied carbon sample functional group using Fourier

transform infrared (FTIR) spectroscopy

FTIR techniqgue was employed to elucidate the structural and chemical composition of the
samples before and after torrefaction. Since organic and inorganic compounds constitute
individual elements and specific functional groups, the chemical bonds inherent in them

vibrates at characteristic frequencies that match their vibration modes when exposed to IR
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radiations. The absorption spectrum corresponds to the vibration frequency between the
atomic bonds that make up the species [236] [237]. Because each material has a unique
composition and different atomic arrangements, no two compounds produce the same IR
spectrum [237]. Additionally, the size of a peak in a spectrum is a direct indication of the

amount of material present.

Each vibration frequency depends on the strength of bonding between the atom and the mass
of the atom. For an infrared activity to occur, the pre-requisite is a net change in dipole moment
during molecular vibration [236]. Dipole moments are dynamic, as they change with vibration,
and during vibrations, charged entities move around, and if the dipole moment at such
transition is zero, absorption will not occur. The atomic energy levels, such as electronic,
rotational, vibrational, and translational, are exposed by the IR electromagnetic radiation
based on the light absorbance at their different regions. The IR region is divided into three,
namely - near-IR (400-10 cm™), mid-IR (4000-400 cm™), and far-IR (14,000-4000 cm™)
[237]. The vibrational energy, being a higher energy level, corresponds to the energy absorbed
by a molecule, occasioned by vibration around the mean centre position of their inherent

chemical bonds [236].

For each sample analysed, about 0.5 g (+/- 5%) of the finely grounded sample, as described
in Section 3.4, were collected and loaded into the sample trough of the ABB MB3000 ATR-
FTIR instrument. The FTIR spectrometer has three components - the radiation source, an
interferometer and a detector. The sample loaded in the trough was clamped into position to
enable a single reflection diamond / ZnSe ATR crystal on the ABB MB3000 ATR-FTR
instrument to collect the spectra information after detection. The spectra measurements were
taken at a resolution of 16 cm-! over an average of 32 consecutive scans. The 16 cm!
resolution is considered moderate to permit the spectra production; otherwise, the spectra
information would be lost if the resolution is too low and might threaten the sample's correct
functional groups identification. However, if the resolution is too high, time taking for
measurements would be longer than necessary. The sample results were recorded and
reported as %absorbance, covering the wavenumber of 500 cm-*and 4000 cm-?, described as

the lower and upper limits of frequency, respectively.
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Figure 3-5-The photograph of the ABB MB3000 FTIR spectroscopy used for the study

3.4.5 Cell wall composition analysis of the samples

The determination of lignocellulosic (cellulose, hemicellulose and lignin) fractions of the
untreated and torrefied IR and SP samples were obtained from a gravimetric analysis of the
Neutral Detergent Fibre (NDF), Acid Detergent Fibre (ADF), and Acid Detergent Lignin (ADL).
The analyses were carried out by the Institute of Biological, Environmental and Rural Sciences
(IBERS), Analytical Chemistry Unit at the University of Aberystwyth. A Gerhardt Fibrecap
system (FOSS UK Ltd, Warrington, UK); being an improved version of the van Soest’s method
for fibre analysis [238], was employed for the NDF, ADF and ADL determination, allowing for
the samples to be analysed in a reduced timeframe with a minimal systematic error. Correction

factors were determined for every measurement within run precision of 0.030%.

Before analysis, the untreated and torrefied samples were milled using IKA A1l analytical
milling instrument to ensure homogeneity. The recovered samples were passed through a
nominal 1 mm sieve before sub-sampling. During the analyses, the NDF content, regarded as
the cross-linked matrix of the plant cell wall (corrected for acid-insoluble ash), was determined

after heating and refluxing ~1 g of selected sample in 100 ml neutral detergent solution,
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containing 0.5 g of sodium dodecyl sulphate and several drops of n-octanol for 1 h. The
resulting residue, being the NDF, was filtered out and washed with warm water and triethylene
glycol before drying at 105 °C for 8 h. The % NDF was determined using the residue weight

recorded [101].

Similarly, the ADF, which is loosely regarded as the cellulose plus the lignin fraction of the
sample residue (corrected for ash) residue, was determined following the boiling and refluxing
of 1 g of sample in 100 ml of an acid detergent solution containing cetyl trimethyl ammonium
bromide, dissolved in 2 M sulphuric acid. The %ADF was determined using the residue weight
recorded after filtering the mixture. After obtaining the ADF residue, the ADL was determined,
which was then treated with ~5 mL of 72% concentrated sulphuric acid) and allowed to mix for
~3 h to dissolve the cellulose fraction in the ADF. The resulting mixture was diluted with
~140 mL of distilled water, followed by refluxing for 4 h) to enable the lignin fraction isolation.
After this, the acid-insoluble fraction was recovered by filtration and washed twice with excess
water before drying in a hot air oven at 100 °C for 8 h. The weight per cent was estimated and
corrected for ash [101, 239]. The hemicellulose, cellulose and lignin fractions of the samples
were determined using Equations 3.15 to 3.17, and the results relative to the torrefaction

conditions are discussed in Chapter 4.

Hemicellulose (%) = NDF (%) — ADF (%) Equation 3.14
Cellulose (%) = ADF (%) — ADL (%) Equation 3.15
Lignin (%) = ADL (%) Equation 3.16

3.5 Gas adsorption analysis of the samples

To further investigate the torrefied carbons’ physical and chemical properties, it was necessary
to probe their surface area and pore size characteristics. Adsorption analysis was carried out
on each torrefied sample using volumetric and gravimetric techniques. A volumetric technique

was employed to characterise the torrefied carbon, while the gravimetric technique was
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employed for the CO2 adsorption studies. The choice of adsorptive (N2) for the volumetric

analysis was based on the gas's physical property, such as having low physisorptive energy.

Although some inert gases, such as argon and krypton, have been used for porous solids’
characterisation, krypton adsorption at -196 °C (77 K) for surface area exploration may not be
suitable for porosity study. This is given its low saturation pressure of 0.35 Kpa against 101.3
Kpa for N2 at-196 °C, which may require more krypton being used for a given sample analysis
[180]. Also, the number of krypton molecule in a free space of sample cell, at any P/P?°,
compared to N2z is reduced, even though the adsorption quantity will be slightly less. Hence
the choice of N2 against argon (Ar) was based on Nz being the standard adsorptive for analysis

of mesoporous character [201].

Secondly, the availability of Nz is not questionable, and it has been reported to produce a well-
defined monolayer on classical adsorbents. However, recent studies have shown that it
adsorbs on a selected number of sorbents’ polar sites and exhibits a quadrupole moment,
resulting in localised adsorption [201]. Therefore, to minimise further experimental error in the
use of liquid nitrogen at -196 °C, it is recommended that a given quantity of sample (> 1 g) is
used for analysis [201]. Additionally, to contain evaporation of the liquid nitrogen in the Dewar,
which serves as a coolant, the liquid nitrogen level should be kept constant and at a maximum

height to the sample tube.

3.5.1 Volumetric analysis of torrefied carbon samples by N, gas adsorption

As explained in the preceding section, nitrogen adsorption measurements were carried out on
the torrefied IR and SP samples using the Micromeritics Accelerated Surface Area Porosity
(ASAP) 2420 analyser, shown in Figure 3-6. The volumetric analysis measures the amount of
nitrogen gas adsorbed by the sample loaded within an evacuated system under a change in

pressure conditions.
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Figure 3-6-The photograph of the Micromeritics Accelerated Surface Area Porosity (ASAP) 2420 analyser

For each torrefied sample, a dry sample tube was weighed and the mass recorded. Following
this, ~1.2 g (+/- 5%) of the sample selected for analysis was loaded into the sample tube, and
the weight recorded. The tube containing the sample was then attached to the ASAP 2420
system's degassing station, where an independently controlled heating mantle enclosed the
bulb end of the sample tube. Outgas conditions were applied by reducing the tube's
atmospheric pressure down to a partial vacuum (5 mmHg) prior to full vacuum at 10 mmHg.
Upon achieving full vacuum, the degas process was initiated by raising the sample
temperature to 110 °C, at a heating rate of 10 °C min-1, where it was held for ~4 h (this was to
prevent sample sintering or deformation of the pore structure). The outgas condition chosen
was predicated on the basis that some microporous carbon and zeolites have, in the past,
been outgassed under a temperature of ~100 °C, for limited periods to avoid thermal damage
[180]. After degassing, the sample was cooled down to room temperature, and the tube was
backfilled with N2 gas before being removed from the degassing port and the dry weight
recorded. The sample tube was attached to the analysis port, where it was enclosed in an
isothermal jacket to enable characterisation with Nz at -196 °C. The ASAP 2420 instrument

was programmed to collect 40 adsorption data points (P/P° range of 0. 001 to 1.0) and 30
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desorption points (P/P° range of 1 to 0.1). The data were used to determine the surface area

and pore volume of the torrefied samples.

3.5.2 Gravimetric analysis of the torrefied carbon samples for CO; adsorption
studies

CO:2 adsorption studies of the torrefied carbon samples were carried out using an Intelligent
Gravimetric Analyser (IGA-003), supplied from Hiden Isochema Limited. The gravimetric
technique can precisely measure the magnitude and dynamic of CO2 adsorption for a given
loaded sample, thus making it possible to analyse the kinetics associated with a process
through changes in mass. The IGA shown in Figure 3-7 comprises a highly sensitive vacuum
microbalance, a gas flow and monitoring system, and a PC that runs the IGA Swin software,

enabling a user interface with the instrument.

Figure 3-7-Photograph of the Intelligent Gravimetric Analyser (IGA-003) supplied by Hiden Isochema

Limited at the University of Strathclyde Chemical and Process Engineering department

For each sample analysis, the sample bulb was carefully removed and cleaned before hanging
on the balance for the bulb weight to be zeroed. After zeroing the weight, the bulb was removed

from the balance, and a given amount of selected torrefied carbon sample (< 90 mg) was
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loaded into the sample bulb. Once a stable weight was achieved, the chamber was sealed to
enable outgassing operation to be carried out. The outgassing procedure at a rate of 6 kPa
mint was performed to remove guest species that may be present on the sample. However,
once the vacuum condition was established, the sample was degassed at a temperature of
120 °C, at a ramp rate of 3 °C min! for about 7 h (420 min) using a fast response furnace

supplied by Hiden Isochema Limited.

After degassing the sample, the dry mass was recorded, and an isothermal pressure step from
0 to 1 bar for each adsorption analysis was programmed. Same time, the analysis
temperatures of (30, 40 and 50 °C) were set for each torrefied sample to be analysed. The
temperature of adsorption was kept constant for each adsorption case using a Grant water
bath. Once the set temperature was attained, ~ 99.9% CO: gas was admitted into the sample
chamber at the rate of 5 kPa min-! over the chosen pressure steps of 0 to 1 bar. The IGA unit
was programmed to collect 10 pressure points for the adsorption and 9 pressure points for
desorption for each process cycle. After each cycle was completed, based on the pressure
swing adsorption (PSA), the chamber was repressurised to atmospheric condition and the
sample removed for further characterisation. The adsorption/desorption isotherms and the
associated data for each of the static and PSA processes, such as the weight, time, pressure,
temperature and concentration for each pressure step, were extracted using the IGA Swin

software.

3.5.3 CO; adsorption kinetic studies

The IGA Swin software collects the data on a real-time basis for each pressure point of the
adsorption during the mass profile relaxation. The data obtained were used in the modelling
of the kinetic study of the CO2 adsorption. The method used for modelling the kinetic study
was the diffusion model, based on double exponential. The results of the kinetic studies and

other experimental investigation are discussed in Chapter 5.
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Chapter 4 : CHARACTERISATION OF TORREFIED CARBON
AS FUEL

4.1. Physical analysis of samples

The physical characteristics of the untreated IR and SP samples provide an estimate of the
moisture, volatile matter (VM), ash, and fixed carbon (FC) contents inherent in the materials.
These parameters have been known to influence the combustion behaviour of fuels and plants’
design performance [240]. On the contrary, the chemical analysis provides information on the
elemental composition and functional groups present in the IR and SP samples. For typical
woody biomass, the major elemental components such as carbon, hydrogen, nitrogen and

oxygen were analysed and discussed.

4.1.1 Proximate analysis

As per the procedure described in Section 3.2.1, data extracted using the Proteus software of
the NETZSCH Simultaneous Thermal Analyser for the temperature-time and mass-loss
dependent profiles were used for determining the proximate analysis. The mass loss regimes
were divided into three temperature heating zones, namely - 105 °C, 900 °C and 750 °C. The
initial loss in mass occurred at a temperature of 105 °C, resulting in free moisture removal

from the biomass.

The second heating segment during which the samples were heated to 900 °C, results in
higher mass losses, accounting for the liberation of volatile contents. The third heating
segment occurred during complete combustion of the samples at 750 °C, accounting for the
loss of fixed carbon. Following the combustion at 750 °C, ash consisting of mineral and
inorganic matters, an integral part of the plant, was left as the residue. The result of the

proximate analysis is shown in Table 4-1.
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Table 4-1-Proximate analysis of the samples

Constituents IR (feed) SP (feed)
wt. % (dry wt. % (dry
basis) basis)
Moisture 0.82 1.40
Volatile matter 76.96 76.58
Fixed Carbon 18.91 17.32
Ash 3.31 4.69

As shown in Table 4-1, the effect of mass loss relative to the percentage fraction of the
biomass constituents, such as the moisture (M), volatile matter (VM), fixed carbon (FC), and
ash (ASH) compositions, varied for both IR and SP samples. The moisture contents are
expressed as the quantity of water per unit mass of the dry sample in mass percentage. The
conventional oven drying method adopted for the proximate analysis for moisture
determination at 105 °C, without prolonging the heating, was to avert a high loss of volatile
matters due to possible decomposition at more extended heating periods. Although high
moisture content in biomass has been reported to decrease the combustion yield of biomass
[240], as their water contents must be evaporated before they give up their real heating value,
however, the small fractions reported in this work may suggest that both samples may not
negatively affect the combustion behaviour of the materials to a great extent. Woody biomass
with moisture contents ranging from 10% to 20% has been considered ideal for wood burning
by stove manufacturers. By comparing this with the present work, the proximate analysis
shows that the SP sample (1.40%) has more moisture content than its IR counterpart (0.82%),
indicating that both samples would be suitable as fuel candidates following their torrefaction

treatment.

As evident in Table 4-1, the % mass fraction of VM and FC are higher in the IR sample than

in the SP by a few per cent. Although the VM and FC % mass fractions for both samples are
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somehow close, their ash content varies significantly. The results obtained from the proximate
analysis suggests that the VM accounts for the largest share of the constituents, followed by
FC. High VM in biomass could reduce combustion efficiency and may propel high pollutant
emissions when the untreated biomass samples are used for cofiring applications.
Additionally, although the VM and FC % mass fraction determined were as expected, they are
closer to those reported in [126] [241], for soft and hardwood of similar biomass category. As
reported in the proximate analysis of a black locust (BL) and the eucalyptus woody biomasses,
the VM and FC for BL are 77.85% and 14.32% [242], while those of eucalyptus wood are
81.1% and 18.9% [137], respectively. Compared with this work's findings, the VM for IR
(76.96%) is closer to those of the BL (77.85%), as both woody biomass are classified as
hardwoods. However, although the eucalyptus wood, which can be considered a hardwood,
contained higher % mass fractions of the VM and FC, relative to those of IR and SP, the

variations may be related to the geographical location of the sourced materials.

For the ash content, the % mass fraction of the SP was slightly higher than those of IR. The
ash content, which indicates the extent of non-volatile matter and non-combustible fraction
present in the biomass, may also vary depending on biomass type. The variation was evident
from the % fraction of the ash content reported in another study [241], for both softwood and
the hardwood counterpart, which were higher than those reported for the IR and SP that are
relatively lower. From the proximate analysis result, it can be concluded that the high VM and
relatively low ash contents of the IR and SP samples suggest their potential for use as a fossil
fuel alternative if their inherent properties could be enhanced by a torrefaction treatment.
These are also supported by their < 10% moisture contents, as the woods would quickly burn
away, sucking in too much air and cooling the flue gases as it does, thus increasing unwanted

emissions.

4.1.2 Overall mass balance of torrefaction process

As explained in Chapter 2, the products of torrefaction processes are grouped into solid and
volatile products. These products vary with selected torrefaction condition and fuel types. For

each torrefaction condition listed in Table 3-1, a material balance was performed on the initial
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and final solid product (torrefied carbon), with the volatile fraction obtained by difference.
Figure 4-1 presents the linear relationship of the torrefied carbon and the volatiles given off
relative to the initial mass (Mf1) (i.e., 1.6 g +/- 10%) of the untreated IR and SP. The volatile
fractions comprising the condensable and non-condensable gases are not taken forward, as
the analysis is not part of the research scope. The mass balance of the torrefaction process is

shown in the Appendix (torrefaction parameters).
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Figure 4-1-Mass balance of the IR and SP samples before and after torrefaction by percentage

As observed with increasing torrefaction condition in Figure 4-1, the volatiles liberated from
the samples increases proportionally. A similar trend was observed for the solid product (M2),
which continues to decline proportionally. Although both samples followed a similar trend, the
volatiles given off under each condition varies with increasing torrefaction severity. These
variations may be related to the IR and SP sample reactivity levels with increasing temperature
and the selected residence time of 60 min, which concurs with the findings in [241]. Comparing
the percentage mass fraction of the IR and SP, the dry solid mass fraction, as shown for IR,
is higher than those of SP for all the torrefaction conditions, suggesting that more volatile

fractions were produced for the SP sample. While this may suggest that the temperature of a
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torrefaction process plays a significant role, even though the residence time is kept constant,

the variation in components of the IR and SP samples can explain this behaviour.

Aside from this, it can be concluded that the SP sample shows more reactivity than the IR
counterpart. The SP classified as softwood (coniferous), and the IR (dedicious) also share
varying characteristics, as evident from the proximate analysis result. It is also anticipated that
the three major constituents of plant biomass, namely hemicellulose, cellulose and lignin,
would vary in these samples. As explained in Section 2.3.1, lignin contents in hardwoods are
of range 18-25%, while those of softwood are ~25-35%; and the same variation applies for the
hemicellulose in softwoods and hardwoods, having about 20-32% and 18-25% fraction,
respectively as reported in [117]. However, for the cellulose component, 35-50% and 40-50%
have been reported for soft- and hardwoods, respectively [117]. These variations in the
composition of the lignocellulose constituents would be impacted differently under different
heating environments, resulting in the change in the percentage of the mass and volatile

fractions, as shown in Figure 4-1.

4.2 Chemical analysis of torrefied carbon from torrefaction

As the products from torrefaction processes vary, depending on process severity, it is
necessary to characterise the resulting property of the torrefied carbon based on the selected
condition. This would help ascertain the changes that may have occurred to the

physicochemical properties of the treated material.

4.2.1 Ultimate Analysis

The ultimate analysis results for the coal, the untreated and torrefied IR and SP samples are
shown in Table 4-2. The coal sample analysis was performed to determine the CHN/O

constituents compared to the untreated and torrefied material.
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Table 4-2-Elemental composition of coal, IR and SP samples

Sample Condition | C% (d.a.f) | H% (d.a.f) N% (d.a.f) 0% (d.a.f)
Coal 50.81 4.17 1.44 43.58
IR untreated 45.86 6.14 0.55 47.45
290 59.01 5.72 0.47 34.80
320 67.12 4.49 0.40 27.99
350 67.94 4.40 0.32 27.41
380 68.49 4.30 0.29 27.17
SP untreated 45.27 6.46 0.30 47.97
290 54.64 6.24 0.26 38.86
320 63.73 5.69 0.21 30.37
350 72.11 4.63 0.19 23.07
380 74.47 4.39 0.17 22.52

(*O = estimated by difference)

As shown in Table 4-2, the CHN/O analysis shows some variation between the untreated and
torrefied carbon counterparts. The carbon contents of the torrefied carbon at 380 °C were seen
as having the highest percentage fraction. As with the carbon content (wt.%), a mass balance,
based on the untreated and the residual solid, may account for the difference in the volatile
constituents' carbon contents by the mere rule of conservation. Whilst the concentration of
carbon in the torrefied carbon generally increases with increasing torrefaction condition; it was
evident that for IR, the torrefaction at 290 and 320 °C seems to show higher carbon content
than those of the SP. However, at torrefaction conditions beyond this regime, the SP carbon

contents become more pronounced.
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The disparity at higher torrefaction conditions for both samples would also impact the volatile
fractions' carbon contents. According to Table 4-2, the volatile fraction continuously increases
in the SP sample to account for this. Although more carbon is lost during the torrefaction
process, the loss rate may be relative to the carbon content of the untreated IR and SP
samples. As mentioned in Section 2.3.3, the hemicellulose fractions in hardwood are more
reactive than those in softwood, which may have accounted for the quicker mass loss rate in
the SP sample. Therefore, whilst the SP sample exhibited an increasing mass loss with
increasing torrefaction condition than IR, it also experienced a greater loss in the low-energy
volatile constituents, as shown in Table 4-2. The impacts were shown in the van Krevelen plot,
Figure 4-2, where the H/C and O/C ratios varied with increasing torrefaction severity.
Generally, the carbon content evident in the IR and SP samples increases with increasing
torrefaction condition, while the hydrogen, nitrogen, and oxygen contents decrease

correspondingly.

Regarding the hydrogen content, torrefaction has been known to result in the liberation of low
energy volatile constituents, comprising the condensable and non-condensable gases. The
volatiles from the biomass results in low calorific value products, which are occasioned by the
loss of energy-rich elements, such as carbon and the non-oxidising hydrogen confined within
the -OH groups present in the lignocellulose components. As with the carbon balance, the
hydrogen balance may also be compared with the percentage fraction available in both the
untreated and the residual solid product, whose difference may account for those contained in
the volatile fraction. The variations in hydrogen content in the samples over increasing

torrefaction conditions are shown in Table 4-2.

As expected, the volatile fractions liberated results in a greater loss of the hydrogen
constituents. Although hydrogen is non-oxidising and contributes to the high energy contents
in solid biofuels, it is also instructive to note that it does not contribute to energy when
combined covalently with oxygen to form moisture in fuels. Based on the elemental analysis
shown in Table 4-2, it was estimated that the total percentage of hydrogen lost from the SP
sample was 36.01%, compared with 32.61% lost from the IR sample, over the entire

torrefaction condition. Additionally, the hydrogen content generally decreases with increasing
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torrefaction condition. The distribution of hydrogen along the torrefaction condition infers that
the IR sample loses fewer hydrogen species than the SP sample. The percentage fraction of
hydrogen liberated at the conditions of 350 and 380 °C, for the SP are 18.62% and 5.18%,
respectively, while those of IR equates to 2% and 2.27%, respectively, owing to increased
volatile production in the SP sample. The loss of hydrogen species in the SP may be ascribed
to bond breakages within the OH groups, concurrent with the oxygen losses within the
cellulose structure. The OH group predominant in the cellulose structure of woody biomass is
due to its hydration water level [93]. Additionally, whilst non-condensable gases liberated
during this time may contain gases like methane (CH4) and some other low molecular alkanes,
the condensable fractions such as acids and water were not undertaken as they are not part

of the scope for this study.

Another important element for consideration is nitrogen. It has long been established that
nitrogen constituents in biomass are found in the linear and cyclic N-compounds of the
biomass structures, likened to some class of proteins, such as amino acids and free enzymes
[243]. A number of studies have reported the decomposition routes of nitrogen-containing
groups, which often result in the formation of ammonia and hydrogen cyanide, are competitive
during biochar formation [243] [244]. While it is believed that NHs production occurs during
char production, the volatile cyclic amides result from bonds cleavage within the biomass
structure. As with the percentage of nitrogen fraction liberated during the selected torrefaction
condition, this may be accounted for by difference, considering the percentage fraction
contained in the untreated and torrefied solid product. As shown in Table 4-2, it is evident that
as the torrefaction condition increases, the amount of nitrogen liberated decreases

correspondingly.

This suggests that, aside from the temperature variation, longer residence time, as used in
this study, results in more volatile-N fraction liberation. The increase in volatile fraction agrees
with the findings reported by Jones et al., where longer torrefaction times results in more
volatile production during char formation [245]. Also, with longer residence times appearing to
affect the nitrogen constituents, shorter residence times, although not investigated in this work,

are anticipated to favour the retention of nitrogen species in the torrefied solid. It is also
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instructive to note that, although extended residence time and higher temperature promotes
more nitrogen emission, the feed size is also a determinant factor. The evolution of protein-
related nitrogen species from woods/chars into gaseous products have been reported to
commence at a temperature of about 200 °C during torrefaction processes. Despite this, the
char and volatile elemental constituents' ratio still depends on the fuel type and torrefaction

process condition.

Comparing the IR and SP samples, the total % fraction of the nitrogen species lost from the
SP samples was about 52.57%, compared with 58.81% from the IR samples, over the entire
selected torrefaction condition, relative to the untreated samples. Given this, it can be
concluded that the IR samples retained more nitrogen species in their torrefied carbons
compared to those of the SP sample. This is aside from the fact that nitrogen content in the
untreated IR sample (0.55% d.a.f) is much greater than those in the SP (0.30% d.a.f). Also, a
number of researchers have shown that nitrogen contents in untreated biomass are not of
primary concern during thermochemical conversion processes in biomass [246]; however, the
preferential loss of nitrogen towards the char formation is beneficial regarding the emission of

volatiles when used for energy application purposes.

4.2.2 Atomic ratio of torrefied carbon fuel

The torrefied carbons atomic ratios were estimated from the ultimate analysis results
compared with those of coal, being the selected comparator in this study. The O/C and H/C
ratios over the selected torrefaction conditions were determined from Equation 3.11 and

represented in Figure 4-2.
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Figure 4-2-van Krevelen plot showing H/C and O/C atomic relationship

The van Krevelen plot presents the changes in the O/C and H/C ratios of the torrefied carbon
relative to their untreated counterparts. According to the van Krevelen plot, it is evident that,
with increasing torrefaction condition, there is a general decline in the H/C and O/C ratios.
Although both samples show an improvement in their H/C and O/C relationships, there were
marked differences between them compared with the coal and the untreated counterparts.
The SP sample seems to experience a significant impact on its H/C and O/C over the
torrefaction condition, compared with the IR samples, despite having slightly higher O/C (SP:

1.06, IR: 1.03) and H/C (SP: 1.99, IR: 1.96) ratios in their untreated sample.

Additionally, it is instructive to note that, while the torrefied carbon uniqueness at the varying
torrefaction conditions is dependent on feedstock type, this would vary for both soft- and
hardwoods owing to their lignocellulosic compositions [247]. Although the trend in the
behaviour of the atomic species following the torrefaction processes aligned with the findings
reported in other studies [248] [126], the release of the volatile-rich hydrogen and a reduction
in the atomic oxygen contents in the water and COz gases produced may have contributed to
the H/C and O/C ratio variations. A reduction in oxygen constituent present in the torrefied

carbons, by implication, suggests the extent of improvement of the fuel quality of the torrefied

152



carbons since more oxygen is lost relative to carbon. With carbon content being a significant

energy source, this also associates with the calorific value.

Consequently, since the atomic ratios vary with the torrefaction conditions, this provides a
means of predicting the torrefied carbons’ energy behaviour compared with other fuels. As
shown in Figure 4-2, the H/C and O/C ratios of the torrefied IR and SP carbons exceeded
those of the coal sample investigated, suggesting that the untreated biomass shifted away
from its original biomass resemblance towards the coal characteristics. For the samples
torrefied above 290°C, the atomic ratio makes them suitable for consideration as a coal
alternative. Li et al. asserted that torrefied wood with HHV > 20 MJ kg and H/C and O/C ratios
of 0.8 and 0.4, respectively, can serve as coal substitutes, with the potential to offer a 10%
reduction in power system efficiency [249]. This demonstrates that the torrefied carbon

developed in this study will behave like other fuels for energy applications.

4.2.3 Higher heating value of torrefied carbon

The higher heating value (i.e., the calorific value) correlates with the C and O contents of a
given fuel, based on the H/C and O/C relationship. As is evident in Figure 4-3, the HHV of the
torrefied samples is noted to be increasing with an increase in torrefaction severity relative to
the untreated counterparts. Although the increase in HHV may be associated with the amount
of carbon, ash, and other extractives, the constituents also influence the HHV of fuel. Carbon
content plays a crucial role in the exothermic processes that occur during the combustion of

fuels, while, by contrast, oxygen governs the endothermic reactions.

Although oxygen is not a reactive element, it decreases the HHV of lignocellulosic fuels when
present at higher levels with ash. Also, the principal role of oxygen is to consume the hydrogen
available through an oxidation process [93]. High ash levels have been reported to make
biofuel less desirable for energy applications, whereas high extractives have been known to
promote their potential for energy utilisation [250]. The HHV of coal, untreated and torrefied
samples used in this work were determined by calculation, using the model proposed by Friedl
et al. in Equation 3.14. The trend in the HHV value of the IR and SP samples is shown in

Figure 4-3.
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Figure 4-3-High heating value of the IR and SP samples investigated

As the increased HHV for the IR and SP samples corresponds with an increase in the
torrefaction condition, the reduction in low-energy bonds within the biomass matrix, like the H-
C and O-C, in addition to the corresponding increase in high-energy bonds (C-C), may account
for this behaviour [251]. These behaviour suggest that the HHV of the torrefied carbons
developed intensifies following the torrefaction process. Aside from the influence of
torrefaction temperature, the HHV of the different samples may be associated with other
factors, such as physiological differences. The impact of seasonal changes and the
investigated materials’ geographic location may have contributed to the moisture content
variation and the HHV of the torrefied IR and SP carbons. Basu asserts that increasing HHV

of fuels could be linked to plant biomass ageing properties [93].

As mentioned in Chapter 2, the fraction and composition of the lignocellulose present in
biomass is another contributing factor to HHV variation. Lignin contents found in plant biomass
are known to exist in various proportions, with the extractives. This suggests that, for grasses,
hardwoods, and softwoods, varying amounts of lignin are expected. Their composition is
controlled by methoxyl substitution and C-C bonds linking their phenyl group [250] [252]. The

aromatic and phenolic characteristics, which are more pronounced in softwood due to C-C
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bonding, prevent reversion to monomeric units under mild temperature processes [250].
Contrary, for hardwoods, their aromatic character is controlled by the coniferyl alcohol (i.e. 3-
methoxy-4-hydroxycinnamyl) that produces the guaiacly lignin. The difference in the lignin
constituent is responsible for the variation in the HHV reported for the SP and IR samples,
above the temperature of 320 °C, due to their chemical reactivity. The study carried out by
Demibras further emphasised the relationship between lignin and the HHV, where the HHVs
of extractive-free biomass samples reported a lower value than the case of unextracted

samples [253].

The HHV of softwoods, which have been reported to be in the range of 20-22 MJ kg1, and
those of hardwoods in the range of 19-21 MJ kg [253], are closer to the results obtained in
this study. Although a slight difference in the value of the HHVs was observed for the SP
samples above this range, the variation of extractives (fats, fatty alcohols, phenols, terpenes,
resin acids) present in the SP may have accounted for the difference reported. Also, it is
instructive to note that these values of HHVs reported for the IR and SP samples in this study
are specific to these materials, based on the inherent properties of their untreated counterparts
and not a representation of the entire IR and SP species. Generally, the implication of
variations in the HHV seems to correlate with the lignin contents, suggesting an associated
improvement in the fuel properties, potentially reducing greenhouse gas emissions that are

likely when utilised for energy applications.

4.2.4 Fourier transform infrared spectroscopy of IR and SP sample

The chemical changes within the untreated IR and SP samples following the torrefaction
processes were investigated using the FTIR. Figures 4-4 and 4-5 are the FTIR spectrum for
the untreated and torrefied IR and SP carbons developed at different torrefaction conditions.
To better understand the infrared spectral interpretation, it is instructive to start at the root of
most organic compounds, namely the fundamental backbone or the parent hydrocarbon
structure [236]. Given that aliphatic hydrocarbons exist in simple linear and branched chains,
however, in cyclic structures, the introduction of unsaturation in the form of a double or triple
bond has a profound effect on the molecule's chemistry. Similarly, this also has a significant

influence on the infrared absorption spectrum.
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Figure 4-4- FTIR spectra of IR samples
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Figure 4-5- FTIR spectra of SP samples

Starting with the absorption spectrum of a molecule, as can be noticed at region 2330 - 2360
cm, in Figures 4-4 and 4-5, there is evidence of an increasing peak for all the torrefied

carbons. The band 2360 cm-*which lies in this region, represents an antisymmetric stretching
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of a physisorbed CO: by the torrefied carbons and the subsequent vibration of the CO2z gas
molecule [254]. Molecular vibrations are often determined by their normal modes, depending
on the nature of the structure. Each absorption in a vibrational spectrum corresponds to a
given normal mode. Since CO:2has a linear structure, the vibrational mode is determined from
the 3n-5 normal mode (where n = the number of atom present). Therefore, for the CO2
molecule with four vibrational modes, namely - symmetric stretch, asymmetric stretch and two
bending vibrations (i.e., scissoring, twisting, rocking and wagging), the nature of vibration
depends on the net change in dipole moment, which a pre-requisite for an atomic or molecular
specie to become IR active. This asymmetric stretching and bending of the CO2 make it

possible for IR absorption, as evident in band 2360 cm™.

As shown at band 3336 cm-, the untreated IR and SP peaks were higher than those of their
torrefied carbon counterparts. The peak at 3336 cm-2, which lies in region 3250 - 3650 cm-?,
suggests a polymeric OH- group associated with the hydrogen bonds within the alcohol and
phenol compounds of the samples’ structures [236] [255]. The impact of the hydrogen bond is
to produce significant band broadening and lower the mean absorption frequency. It is
instructive to note that the OH- group does not exist in isolation. A high degree of its association
is due to the extensive hydrogen bonding, reflected by the peak height of the SP at this region,
due to the higher moisture content (Table 4-1). As can be seen with increasing torrefaction
condition, the broad peak at 3336 cm- disappears, occasioned by the dehydration reactions
under intense heating during the torrefied carbon development. The lowering of the O-H bond
intensity is a function of the degree of burn-out and the hydrogen bonding strength [236]. As
a result, the OH- degradation contributes to the formation of non-polar and unsaturated
compounds that could condense on the torrefied carbon surfaces, thus increasing their

hydrophobicity.

Furthermore, as shown in Figures 4-4 and 4-5, band 1642 cm, which lies in region 1650 -
1850 cm-t, evident a small shoulder, which suggests the presence of a carbonyl-containing
compound [236]. The absorption of a carbonyl-containing group depends on the electronic
characteristic of the substituent group, which defines the chemical characteristic and reactivity

of the specific carbonyl compound [236]. Although the absorption spectrum of various
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carbonyl-containing compounds often overlapped at this region, which creates difficulties in
identifying the dominant functional group; however, as the absorption spectrum at this region
occurred at the low-end shoulder, the identified functional group is that of carboxylate [236].
Due to the stretching of the C=0 bond, the carboxylate bond disappears with increasing
torrefaction condition following carbohydrate degradation, occasioned by decarboxylation
reactions, under the intense heat treatment during the torrefied carbon development.
Additionally, the carboxylic acid level from the hemicellulose constituents, including the
xyloglucan, arabinoglucuronoxylan and galactoglucomannan, are all affected by the

increasing torrefaction conditions as new products form.

At region 1050 - 1260 cm-, the stretched peak at band 1050 cm-1, shown in both IR and SP
spectrum, may be ascribed to the aromatic compounds, likened to syringyl rings and ethers
containing the C-O bonds [236]. The syringyl is a class of alcohol found in the lignin
components of the hard- and softwoods. Although the syringyl contents may vary, as may be
supported by the heights of the peak for the IR and SP, however, with increasing torrefaction
conditions, the aromatic C-O peak stretches and disappear, with a more pronounced effect
noticeable for the IR torrefied carbon developed at 320 °C, compared with the SP. The
suggests that the C-O bonds in the IR are more reactive than those found in the SP due to
variations in the lignin coniferyl alcohol and syringyl alcohol units. This may also be attributed
to the extent of the lignin constituent present in hardwoods, which have also been reported to
be more reactive than those in softwoods [106]. Additionally, ether bonds often exhibit strong
absorption at this region; however, their identification can be difficult in complex cases, as
alcohols, esters, and other compounds containing the C-O bond also stretch at this region.
The ether bond identified may be present in the B-glycosidic bonds of the wood samples’
hemicellulose and cellulose components, whose peaks decreased with increasing torrefaction

conditions. These components were known to degrade at temperatures beyond 250 °C [251].

Figures 4-4 and 4-5 shows evidence of a small peak at band 1614 cm-, in region 1580 - 1615
cm-?, suggesting an aromatic ring C=C bonded compound. The band's peak intensity at this
region gradually disappears with increasing torrefaction conditions, which may be attributed to

the stretching of the aromatic C=C bond [236]. The vibration of the aromatic ring in this region
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varies slightly, and it is a function of orientation and the substituents' nature on the aromatic
ring. Another unclear peak observed from the IR and the SP absorption spectrum was at band
2143 cm1, where the height of the peak for the SP seems smaller than that of IR, occasioned
by variations in their functional groups. Although nitrile (C=N) absorption peaks often exist in
region 2200 - 2300 cm-1, which are closer to those of the alkyne (C=C bonds) group [237], the
peak notable in the spectrum may be associated with an N-functional group that may be
contained in these materials. As observed, it was evident that, with increasing torrefaction
conditions, the effects on the N-functional groups were not much pronounced. However,
previous studies have shown that where a different gas medium such as nitrogen is utilised
for the torrefaction, increasing band intensity at this region is expected. Such an increment
has also been reported in a similar study, following the pyrolysis of hickory wood and bagasse
for biochar production, where an increase in nitrogenous groups on the pyrogenic carbon was
reported for the material developed at 600 °C, with the FTIR bands falling within 2000 -
2400 cm- [256]. The summary of the functional groups identified in both samples is shown in
Table 4-3.

Table 4-3- Identified functional group on the Torrefied carbons

Origin Group frequency | Assignment Ref
cm? cm?

adsorbed CO:2 2330 - 2360 2360 [254]

O-H 3250 — 3650 3336 [236]

C=0 1650 — 1850 1642 [236]

C-O 1050 — 1260 1050 [236]
c=C 1580 — 1615 1614 [236] [237]

C=N 2200 - 2300 2143 [237]
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4.2.5 Effects of torrefaction on cell wall composition

As per the procedure described in Section 3.4.5, the IR and SP samples' compositional

changes relative to their untreated counterparts are shown in Figures 4-6 and 4-7,

respectively.
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Figure 4-6- Cell wall composition of the SP sample with increasing torrefaction condition
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Figure 4-7- Cell wall composition of the IR sample with increasing torrefaction condition

For the untreated samples, the chemical composition of the hemicellulose, cellulose and lignin
constituents for the IR sample are 12.34%, 30.25% and 41%, while their proportions in the SP
are 12.57%, 48.84% and 24.05%, respectively. The total fraction of the lignocellulose content,
representing the sum of hemicellulose, cellulose and lignin present in the IR sample, is around
83.59%, while those of SP is 85.46%. The variation may be associated with higher amounts
of the extractive compounds present in the SP sample. Also, the hemicellulose and cellulose
fractions were greater in the SP sample than the IR, despite the IR having more lignin content,
which is uncommon for hardwoods. Ragland, Aerts and Baker have reported that softwoods
typically have more extractives and lignin than their hardwood counterparts [116]; hence, the
discrepancy noted in this case may be connected with the distribution of the components due
to their originating sources. The variation of the components, based on the source of origin,
also agree with the findings in the study reported by Phanphanich and Mani, where the
hemicellulose, cellulose and lignin fractions of a pinewood chip, obtained from Oglethorpe,
Georgia, United States, showed a fraction of 11.9%, 54% and 25% respectively [257],

compared to the SP sample investigated in this study.
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During torrefaction, the lignocellulosic components of the IR and SP samples known to
decompose based on the temperature condition employed are a function of the heating effects
of the dominant components in the biomass, such as the glucan, xylan and arabinan [242]. As
shown in Figures 6-15 and 6-16, the hemicellulose is noticed to decrease with increasing
torrefaction severity. Although hemicellulose degradation has been reported to occur within a
temperature range of 220 °C - 315 °C [241], the results obtained in the study suggest that
hemicellulose is the least thermally stable component and usually accounts for the distribution
of the mass yield in torrefied solid, as previously discussed in Section 6.6. As investigated, the
fraction of the hemicellulose fraction that decomposed at the torrefaction condition of 290 °C,
relative to the untreated SP and IR counterparts, are 93.95% and 96.35%, thus reducing to
0.76% and 0.45% respectively, an indication that more hemicellulose fraction is lost from the
IR sample. Also, with an increase in torrefaction severity, the hemicellulose fraction drastically
reduces, with minor traces (for IR - 0.02% and SP - 0.08%) evident at torrefaction condition of
380 °C. The greater loss of the hemicellulose fraction may be connected with the xylan
polysugar constituent dominant in hardwoods relative to other carbohydrate species. It has
also been reported to be more reactive than the glucomannan polysugars dominant in

softwoods [242].

Also, regarding the cellulose content, which seems to decrease, but not with the same trend
as for hemicellulose, the rate of decline may be connected with the heating impact of the
inherent hydrogen bonds, alongside the glycosidic bonds that bridged the glucan constituents,
being the dominant polysugar found in the cellulose structure. As the torrefaction temperature
was increased to 290 °C, the cellulose fraction in both IR and SP sample increased slightly,
from 48.84 % to 49.07% in SP and 30.25% to 36.56% in IR. Such an increase may be
occasioned by the volatile fractions produced from the hemicellulose degradation, reacting
with the phenolic units found in the lignin structure to form heavier acid-insoluble products
leading to a relative increase in the cellulose concentration [258]. The study by Li et al., on the
torrefaction of Bamboo wood under a CO2 atmosphere, also found that, at the torrefaction
temperature of 280 °C, the cellulose fractions of the torrefied bamboo also increased in
concentration, which seems to agree with the findings in this work [248]. Although light and

mild torrefaction regimes were not investigated in this study, where cellulose degradation is
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considered minimal [107], by comparing the impact of torrefaction at 380 °C, the cellulose
content in the IR reduces to 6.61%, as against 15.74% witnessed for the SP. The reduction
may be due to acid hydrolysis of the cellulose, which is common during torrefaction with
increasing severity, and it is considered faster in IR (hardwood) compared to the SP
(softwood), owing to differences in the unstructured region of their cellulose, containing water
of hydration [259]. The hydrolysis involves a case where protic acid catalyses the cleavage of
chemical bonds via a nucleophilic susbtitution reaction, in the presence of water, hence the

conversion of cellulose to glucose substrates.

Furthermore, for the lignin component, a significant increase of the content was evident in the
IR sample, with increasing torrefaction condition. Although lignin degradation has been
reported to increase with an increase in carbonisation temperature, their proportional mass
also increases with increasing temperature conditions, consistent with the findings reported in
other studies [260] [156]. As evident in Figure 4-6, the SP did not follow a similar trend; the
lignin content declined by 3.75% between the torrefaction condition of 290 °C and 320 °C.
Chen and Kuo have previously argued that the reactivity levels of lignocellulosic components
vary with their nature, which may have resulted in the variation observed [150]. Other possible
reasons for this may be associated with the polymeric cellulose dissociation, resulting in some
acid-insoluble condensable products being formed, including the benzenoid aromatic groups.
A study by Shoulaifar investigated the changes in the lignin structure of birch wood following
torrefaction and reported that an increase in the p-hydroxyphenyl constituent of the lignin
follows the dissociation of the methoxyl groups within the lignin constituent [261]. While such
a dissociation reaction is likely, the intrinsic structural differences bridging the lignocellulosic
components cannot be overlooked. The nature of chemical interaction may also induce some
side reactions imposed by external conditions. Jin et al. employed carboxymethylation
experiments and found that covalent bonding is more pronounced in softwoods [262]. The
nature of this bond may account for the decline in the SP sample, observed in this work at

320 °C due to possible local reactions taking place [262].
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4.2.6 Torrefaction performance parameters

4.2.6.1 Mass Yield

Since torrefaction is concerned with the changes within the organic constituents present in a
biomass structure on a dry basis (db), the mass yield represents the percentage fraction of
the original organic constituents retained in the solid product. The polymeric constituents in
biomass, such as hemicellulose, cellulose and lignin, often dominate the biomass structure.
These constituents react differently based on changes in torrefaction conditions. Equation 65
expresses the relationship between the torrefied solid product and their untreated
counterparts. Results of the torrefied solid product and their untreated counterparts are
presented in Figure 4-8 for both IR and SP samples. As observed in both cases, the mass
yield continues to decline with an increase in torrefaction severity. The solid product, which
represents the extent of the individual organic constituent's reactivity, accumulates into the
total mass loss experience. Chen et al. assert that mass loss resulting from torrefaction is the
sum of degradation of the polymeric constituents [150]; however, the type of treatment gas

employed also contributes to this effect.
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Figure 4-8-Mass yield of IR and SP samples
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As shown in Figure 4-8, the mass yield accounted for by the treatment gas (CO3) is not the
same for IR and SP samples. The COzgas seems to affect the SP samples’ solid conversion
more significantly than the IR counterpart at temperatures beyond 320 °C. The behaviour
exhibited by the organic constituents in the two samples were almost similar at the torrefaction
condition of 320 °C, where the values of 56% and 55% were reported for the IR and SP
samples, respectively. A similar trend in mass loss behaviour had also been reported in a
previous study [135] regarding the influence of CO2 gas on torrefaction, but the effect of the
COz2 gas was not pronounced for torrefaction occurring within the light and mild temperature
regimes (< 280 °C). While the study reported higher mass losses for the hardwood than the
softwood investigated, the mass of moisture present in the hardwood was greater than for the
softwood, which may have accounted for this behaviour. Additionally, although the softwood
shows lower hemicellulose content, it exhibited higher mass losses than the hardwood with a
higher hemicellulose content. By comparing the findings in [135] and the present work, the %
mass fraction of moisture in the SP (1.40%) is greater than those of IR (0.82%), as per Table
4-1. This suggests that aside from the variation of organic constituents present in the biomass
structure, the percentage fraction of moisture in the untreated sample may contribute to the
reactivity of the CO2 gas at higher torrefaction conditions, resulting in higher mass losses in

the SP sample.

Furthermore, the SP samples' behaviour at higher torrefaction conditions may be associated
with the thermal conductivity of the CO2 gas (32 mW m* K1), enabling higher heat transfers
across the sample surface gas film, which helped induce significant mass losses at higher
torrefaction condition. Also, it is instructive to note that higher ash contents in biomass have
been reported to catalyse torrefaction processes, mainly where CO: is used as the inert gas
medium [226]. Consequently, the ash content determined for the IR and SP samples, as per
Table 4-1, which shows a percentage fraction of 3.31% and 4.69%, respectively, may be
responsible for the variation in the mass losses for the IR and SP samples, which agrees with
the findings reported in other studies [126] [226]. The Boudard reaction, where CO: gas reacts
with carbon to form carbon monoxide (CO), have also been investigated in the study by
Uemura et al. for the torrefaction of oil palm kernel shell [135]. In the study, a mass yield of

77.3% was reported for the torrefaction of oil palm kernel shell at a temperature of 300 °C
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[135], which is somewhat closer to the mass yield of 72% and 71% for the IR and SP samples,
respectively, at the temperature condition of 290 °C. The mass yield differences may be linked
to the 15 vol% of CO2 applied for the oil palm kernel shell’s torrefaction, compared with 100%
CO:2 used in the present study. Comparing the mass loss of the IR and SP in this work with
other torrefaction cases, where a different inert gas, such as nitrogen, was utilised for a similar
biomass sample, the result reported a higher mass yield torrefaction with nitrogen compared
with CO2 gas [241]. The higher mass yield suggests that Boudard reactions taking place within
biomass samples during torrefaction with CO2 gas may contribute to low mass yield of torrefied

carbons at higher torrefaction temperature conditions.

4.2.6.2 Energy yield

The energy yield (Ev) accounts for the mass loss effect associated with biomass torrefaction.
As the mass loss effect relates to the degradation of the polymeric constituents, the fraction of
energy-rich constituents retained in the original sample following torrefaction and relative to
the loss of the energy-lean fractions impacts the overall energy contents of torrefied solids
[93]. The energy yield serves as a performance indicator when evaluating the ‘extent of
torrefaction’ from the perspective of energy conversion. For this work, the Ev of the torrefied
carbons were estimated using Equation 3.6 and are shown in Figure 4-9. An increase in Ey
value suggests an increase in heating value, occasioned by mass loss behaviour under the

varying torrefaction conditions.
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Figure 4-9-Energy yield of IR and SP samples

As evident in Figure 4-9, the torrefied IR and SP samples showed higher Ey values at the
torrefaction condition of 290 °C, representing the optimal condition for the minimal losses in
combustible volatile matters. Although the Ev obtained is high at this condition, the HHV
equivalent shown in Figure 4-3 was relatively low, making the torrefied solid unsuitable for
energy application. This was as expected, given that the Ey value is dependent on My, which
were also affected by the selected torrefaction conditions. While a further increase in
torrefaction severity shows a continuous decline in the Ey for both samples, the volatile
matters, which constitute oxygenated compounds, are further released with increasing
torrefaction severity. The consequence is that the heating value of the volatile fractions
remaining in the biomass will show higher values than those of the untreated sample. Also, as
evident in Figure 4-9, the IR samples seem to show a higher Ey value across the entire
torrefaction condition investigated, which indicates the influence of the CO2 gas medium on
the Ev. Despite the COz gas playing a significant role, the size of the untreated sample is
another contributing factor. A higher Ev value of between 98-100% has been reported in the
case of eucalyptus (10 x 40 x 80 mm) torrefaction under an oxygen environment at 280 °C

[136]. However, compared with the IR and SP samples used in this work, with a dimension of

167



4-7 mm, the 97% and 88% Ev values obtained, respectively, would somewhat agree with the
impact of sample size on Ev. Previous works [136] [154] also concur with these findings that
Ev of hardwoods are greater than those of softwoods and fibrous biomass types, following
torrefaction, which can be linked to the higher particle densities of hardwoods (0.4-0.7 g cm-
3), relative to those of softwoods (0.3-0.5 g cm-3) [263]. Additionally, as observed in Figure 4-
9, the Ey of the torrefied IR samples were greater than those of SP, thus lending further support
to the effect of particle density. Therefore, this suggests that the lower mass loss experience
in the IR samples, as shown in Figure 4-8, result in higher Ev due to reduced loss of the volatile

fractions in the samples.

4.2.6.3 Energy gain and energy input of torrefaction

As discussed in Sections 4.2.6.1 and 4.2.6.2, the correlations between My and Ey suggests
that a decrease in mass yield results in a corresponding increase in energy yield. This view
aligns with the findings from Cardona et al.[231], where the My and Ey of torrefaction showed

a linear correlation of R2 = 0.97.

Table 4-4-Enhancement factor of IR and SP sample at different temperatures (EF > 1 means gain)

Temperature (°C) Ee (IR) Er (SP)
290 1.30 1.23
320 1.45 1.45
350 1.47 1.62
380 1.48 1.67

Despite the linear correlation between the My and Ev, Table 4-3 showed that the enhancement
factor (Er) obtained for all the torrefied cases exceeded the theoretical limit of 1, indicating a
satisfactory degree of torrefaction [148]. The Er values are a reflection of the energy output
level and densification of the torrefied solid product. Additionally, the IR and SP samples

torrefied at 380 °C produced the highest value of the enhancement factor, based on the
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residence time of 60 min applied for all cases. Although the Er values obtained for each
torrefaction condition exceeded the theoretical limit; however, the HHV obtained at 380 °C,
which is the highest, relative to the other conditions, are to the detriment of high mass losses
in the solid products. Also, for the samples torrefied at 290 °C, the HHV(s) values are lower
than that of the coal sample investigated, which is a concern for the intended system's
performance. Therefore, it is necessary to determine the optimum torrefaction performance

condition for the Ev and My.

The concept of Energy Gain (Egc), as mentioned in Section 3.3.3.3, was explored to determine
the optimum condition for the torrefaction performance, as it neither correlates with the My (R?
= 0.66) nor the energy densification (R2 = 0.09), as reported in [231]. As shown in Figures 4-8
and 4-9, the (Ev, My) values of IR (94%,72%) and SP (88%, 71%) samples for the torrefaction
condition at 290 °C suggests that high energy recovery would be expected from such product.
The Eg values for the IR and SP samples, following the torrefaction process, were determined

from Equation 69 and represented in Figure 4-10.
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Figure 4-10-Energy gain factor for IR and SP sample
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As shown in Figure 4-10, although the Ec reported for the IR sample at 290 °C was the highest
(110%), the lower HHV reported makes the sample not too suitable for cofiring applications.
As the current work aims to characterise torrefied carbon that may be utilised for CO2 capture
and cofiring applications, this would require the use of torrefied carbons with relatively higher
HHV and Ec value. The Eg values reported for torrefaction at 320 °C, for the IR (104) and SP
(102), appear somewhat close, with a difference of 2%, indicating that the torrefied samples
would share an almost similar characteristic. Similarly, for the case of torrefaction at 350 °C,
an almost linear pattern was evident, with an Ec value difference of 4% for the IR and SP

samples.

Additionally, since the values of Ey for the torrefied carbons at the conditions of 320 and 350
°C are relatively high, and with lower mass loss experience, compared to the samples torrefied
at 380 °C, it is recommended that the torrefied product should reflect mass losses that are
sufficient enough to guarantee the availability of organic species, capable of providing the
required energy to meet any energy shortfall in processes [231]. Cardona et al. also employed
the energy gain parameter to determine an optimum condition for the torrefaction performance
of eucalyptus tree residue, which agrees with the findings in the current work [231].
Interestingly, since the Ec parameter had become the basis for selecting the optimum
conditions (320 °C and 350 °C) for the torrefied carbon development as investigated, another
parameter worth considering is the energy consumption of the torrefaction process, which

defines the energy spent in developing the carbons.

Energy consumption is a concern, given that torrefaction processes are often executed under
heat energy supply, resulting in partial degradation of the untreated biomass. The extent of
energy supplied is governed by temperature and choice of residence time for any given case.
Since torrefaction occurs under the influence of treatment gases, the heat supplied is also
carried by the gas media during the fuel upgrading. As heat supply progresses, the gas
enthalpy also increases due to temperature variations within the reactor. Such heat increments
may be expressed in terms of the specific heat of the gas [264]. However, since the treatment
gas flow rate is constant, the average heat capacity of the gas would account for the difference

between the inlet (room temperature at 25 °C) and outlet temperature conditions for estimation
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of energy requirement. As the specific heat capacity of gas is temperature-dependent, the
energy input must also consider the residence time of the torrefaction process. Equation 2.13
was employed to determine the energy input of each torrefaction condition, as shown in Table
4-5. The relationship between the energy input and the enhancement factor is also shown in

Figure 4-11.

Table 4-5-Enthalpy increment of CO2 during heating at various torrefaction condition

Torrefaction condition (°C)

290 320 350 380

CO; enthalpy increment (kJ kmol™)

8,160.94 9,284.51 10,443.78 11,637.31

Energy input (kJ)
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Figure 4-11-Energy Input vs Enhancement factor for IR and SP sample

171



As shown in Table 4-5, the torrefaction condition at 380 °C shows the highest energy input,
which also aligned with the highest enhancement factor, over the residence time of 60 min
applied in all cases. Similarly, the energy input also impacted the enthalpy of the CO: gas,
which may have accounted for the changes in the physicochemical properties of the torrefied
carbons. The findings suggest that aside from the reactor's heat supply, the treatment gas also
provides heating through the pores of the untreated samples loaded in the reactor. Despite
the effect of the gas media, a study by Chen et al. using nitrogen as a carrier gas also reported
the impact of a combination of high temperature and shorter residence time, resulting in energy
efficiency improvement [148]. This suggests that torrefied carbons with lower HHVs would

require less energy input for the development.

However, the choice of different carrier gases will also result in different values of the HHV, as
well as the enhancement factor, despite having a similar energy input value. As shown in this
work, the residence time of 60 min applied would also impact the energy input requirement.
This agrees with Ohliger et al., for beechwood torrefaction, where the influence of temperature
was not considered a controlling parameter, but the residence time, which seems to show a
more significant impact along the torrefaction conditions investigated [265]. As per Figure 4-
11, the increasing energy input trend shows that developing a torrefied carbon with higher
HHV would require more energy input during the torrefaction process. Therefore, given the
need to minimise energy consumption in processes, the Eg factor, as a determinant parameter
for selecting the optimum condition for torrefaction performance in this work, has been
considered, thus eliminating torrefaction condition 380 °C, due to its higher energy

consumption requirement.

4.2.6.4 Hydrophobicity of the torrefied carbons

An increase in energy input following the torrefaction process would ultimately impact the
torrefied carbon physical property, such as hydrophobicity. As the hydrophobic nature of
torrefied biomass makes them suitable for consideration as adsorbents for CO2 capture
applications, it is necessary to determine the extent of hydrophobicity, which defines their

moisture repellant tendency. Since moisture in carbonaceous materials reduces their HHV

172



and, by implication, increases stack losses when employed for energy applications via
combustion, the contact angle measurement, based on the drop size analysis, helps determine
the extent of surface wettability torrefied carbon. Figure 4-12 presents the contact angle

measurement results of the IR and SP samples.
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Figure 4-12-Contact Angle measurement with increasing torrefaction condition

As evident in Figure 4-12, there seems to be a continuous increase in the contact angle value
reported for both IR and SP samples over increasing torrefaction condition. The obtained
values exceeded the theoretical limit of 90°, defining the limit a material can be classified as
hydrophobic [266]. The adsorption of water in porous media, which are a function of capillary
forces, is also affected by the materials’ surface chemistry [266]. A hydrophobic surface with
a contact angle < 90° can initiate positive capillary pressures that could permit moisture
penetration through the porous solid product. By contrast, where the contact angle is > 90°,
the negative capillary pressures that may result would help prevent moisture penetration
through porous solids [266]. Unlike the untreated IR and SP samples, the torrefied carbon can
retain their contact angle values (always > 90 °) for a long time. With the increase in contact

angle values with torrefaction severity, such behaviour may be attributed to hemicellulose

173



degradation and the amorphous cellulose within the biomass structures, resulting from the
decline of the -OH and the -COOH groups. Also, tar condensation that may have occurred
within the pores created during the torrefaction would help repel moist air access into the

pores.

The impact of this is the reduced ability of the torrefied carbons to form hydrogen bonding
when contacted with polar molecules, such as moisture in flue gases during CO2 capture
applications. As suggested by Felfli et al., the non-polar characteristic of the condensed
unsaturates further hinders the access of moist air that could condense within the pores
developed within the torrefied solid [252]. Although variations exist in the contact angle values
obtained for the IR and SP samples, as shown in Figure 4-12, this explains the influence of
temperature on the biomass lignocellulosic constituents. The results concur with Yan et al.,
where hydrophobicity of the torrefied biomass becomes more pronounced at torrefaction
conditions beyond 250°C [118]. Also, previous studies have reported that the type of
torrefaction technique, such as wet torrefaction, makes the solid product more hydrophobic
compared to the conventional torrefaction method used in this study [118]. While this may be
true, it is also anticipated that the feedstock's nature and the type of treatment gas would
influence the quality of the torrefied solid, given the possibility of the gas reacting with the

carbon surface, thus producing varying values of the contact angle.

4.3 Summary

In conclusion, Chapter 4 of this work has discussed the potential application of torrefied
carbons as fuel for cofiring application, given the HHV and hydrophobicity values established
for the IR and SP samples. The values obtained demonstrate that the optimum torrefaction
condition, based on the energy gain values, were for the torrefied carbons developed at 320
and 350 °C for both IR and SP samples. Similarly, the atomic ratios of the torrefied carbons
developed at these conditions suggest that they would provide similar combustion
characteristic with those of the low-ranked coal investigated in this work. As the optimum
torrefaction condition has now been established, Chapter 5 of this work will take forward the

selected torrefied carbons developed at 320 and 350 °C for CO: adsorption studies and
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analysis to determine their suitability for CCS applications. Analysing the gas adsorption with
N2z and CO:2 will provide more insight into the applicability of these torrefied carbons for the
dual-purpose application of the intended system, which would help in meeting the study

objectives
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Chapter 5: CO. ADSORPTION STUDIES OF TORREFIED
CARBON

5.1 Analysis of surface area

Following the volumetric analysis, the changes in surface morphology of the torrefied carbons
were evident from the surface area and pore volume results, shown in Table 5-1. As expected,
the torrefaction process under the CO. atmosphere had a small impact on the torrefied
carbons' porosity. The BET surface area (Sset), determined with the aid of an inbuilt software
in the Micromeritics Accelerated Surface Area Porosity (ASAP) 2420 analyser, were based on
a plot of V (1-P/P°) against P/P°, with the values obtained within the P/P° range of 0.05 - 0.35.
The total pore volume (Vp) was estimated from the amount of nitrogen that may have been
adsorbed by the torrefied carbon at P/P°0.95. The micropore volume (Vmicro) and the micropore
area (Sor) were determined from the DR equation, using CO: saturated liquid density value of

0.599 g cm3[267] and saturated vapour pressure of 71.94 bar [268] at a temperature of 30 °C.

The use of N2 and CO:2 helped provide more insight into the porous nature of the torrefied
carbons. N2 adsorption is usually employed for probing larger pore sizes but limited for
application to narrower pores; however, CO2 adsorption is limited to narrower pore sizes than
1 nm [187]. Although the result of the Sger and total pore volume (Vp) determined by the
(ASAP) 2420 Analyser Software were based on the Nz adsorption analysis; however, the
adsorption isotherm generated by the software did not match any of the IUPAC standard
classifications [187], shown in Figure 2-22, and therefore, were deemed uninformative for
presentation, as discussed below which may be as a result of adsorption effects within the

system.
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Table 5-1- BET Surface Area and Total Pore Volume of the Torrefied IR and SP samples

Sample | Torrefaction | BET surface area (m?g?) Total Pore
Condition Volume (cmég?)
1 IR290 0.235+/-0003 0.0002
2 IR320 0.454+/-0.008 0.0002
3 IR350 0.695+/-0.016 0.0007
4 IR380 0.756+/-0.005 0.0005
5 SP290 0.204+/-0.015 0.0002
6 SP320 0.384+/-0.016 0.0005
7 SP350 0.562+/-0.005 0.0008
8 SP380 0.652+/-0.042 0.0002

(*samples in bold taken forward for further analysis)

The reason for the low uptakes, affecting the isotherm shape [187], and the low values
reported here may be connected with the inability of the N2 gas to access the pores of the
torrefied carbons studied in this work. There is a possibility that the N2 adsorbed initially may
have blocked the pore entrances and also possibly interacted with a specific surface functional
group on the torrefied carbon; hence the pore filling pressure would not correlate with the pore
structure at the characterisation operational temperature of -196 °C. Additionally, it is known
that if the pore dimensions are insufficiently large, then the low temperatures used in the N2
adsorption may prevent the adsorbate molecules from overcoming the activation energy
associated with entering the pore, and hence, the gas molecules are excluded, and adsorption

is hindered.

As shown in Table 5-1, the Sger of the IR and SP samples were all < 1 m? g, with some
variation notable with an increase in torrefaction condition. For the IR samples, the Sger and
Vp are seen to increase with increasing torrefaction severity, up to the temperature limit of

350 °C. However, with further increase in temperature above 350 °C, a reduction in Vp was
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evident, which may be associated with pore contraction within the torrefied carbon, in
agreement with a similar study by [269]. At 380 °C, the reduced V, may be due to high burn-
off experienced by the torrefied IR and SP samples. The SP samples did not follow a similar
trend as the IR, which may be associated with the extent of N2 affinity on the SP sample at
this condition. At higher temperatures > 400 °C, structural disordering, pore widening, and
coalescing have been reported to result in pore volume and surface area reductions [269],

which seems to agree with the results shown in Table 5-1.

Also, given that the choice of torrefaction condition resulted in partially blocked pores
development, the low heating rate of 10 °C min! applied may have caused the volatile
products emitted to diffuse slowly within the solid particle due to sufficient contact time
permitted by the low heating rate. As a result, this had impacted the porosity of the IR and SP
samples. Although the values of the Sget reported were much smaller, they are consistent with
other values reported for wood char pyrolysis under N2 at 330 °C (< 0.8 m? g?) in [270]. A
related study on the torrefaction of mesquite wood at 300 °C reported an internal Sger of
0.750 m2 gt [226]. Consequently, this shows that the moderately lower torrefaction
temperatures of 320 °C and 350 °C would result in partial volatile losses; hence the extent of
surface area and pore volume obtained, compared with those at 380 °C, depending on

material type.

Furthermore, while it can be seen that the values of the Sger obtained were relatively low,
which may suggest the existence of non-porous solid, it is instructive to note that such analysis
was carried out using N2 at -196 °C, and the capacity for adsorption at such condition is
dependent on the surface microstructure of the torrefied carbons, as well as the temperature
of analysis. Adsorption capacity at a relatively high temperature may be larger than in cases
where adsorption occur at lower temperatures, even when applied in the same gas / solid
system [271]. Due to the insufficient kinetic energy of the nitrogen gas (kinetic diameter ~ 0.36
nm) at the cryogenic analysis temperature of -196 °C, following pore network constriction that
induces activated diffusion effect, which is temperature-dependent [271], the value of the Sger
and the Vp determined may not be an accurate representation of the pore character of the

torrefied carbons. The establishment of a sufficient temperature gradient may permit for higher
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adsorption uptake, as well as the use of other gas species, such as CO2 due to its kinetic
dimension (0.33 nm) and characteristic, which may provide for arealistic analysis of the Sger

and the V, of the torrefied carbon [187].

5.2 Pore characterisation using CO

The scope of this project was always to investigate the adsorption of CO2 for CCS applications.
However, given the diffusional restrictions of the N2 adsorptive into narrowest pores < 0.45 nm
[264], further analysis of the torrefied carbons was also available using the data obtained for
CO:2 adsorption at 30 °C, which is close to the standard room temperature of 25 °C, used in
other studies. Microporous analyses of carbon materials at 0 °C have been reported in the
literature over the pressure range of 0 to 1 bar [187]. As a result of the estimated longer
equilibration time for such analysis at 0 °C, CO2 adsorption at 30 °C was instead employed for
pore characterisation of the torrefied carbons. Given that adsorption of CO:2 at 25 °C, carried
out during the initial probe of the torrefied carbon took several days, reducing the temperature
further still would have resulted in a significantly longer experimental timeframe, of the orders
of several weeks for a single sample. Hence, CO2 adsorption at 30 °C, in the pressure range
of 0 - 1 bar, was utilised, which is still below the critical temperature of CO2 (31 °C), and thus

gas condensation would occur within the pores, enabling pore analysis.

5.2.1 Adsorption analysis of Torrefied Carbon IR320 and IR350

The data obtained for the CO2 adsorption of the IR320 and IR350 torrefied carbons at 30 °C
is shown in Figure 5-1. The isotherm obtained shows a Type | IUPAC classified isotherm [187],
with small CO2 uptake notable at the isotherm's low-pressure region, producing a hysteresis.
Based on the Type | isotherm, a Langmuir fit was applied to estimate the monolayer capacity
and the Langmuir surface area of the torrefied carbons. A linear regression of the Langmuir

plots, Figure 5-2, also showed good experimental data fit.
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Figure 5-1- CO2 adsorption analysis of IR320 and IR350 at 30 °C, showing Type | isotherm
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Figure 5-2- Langmuir linear plot of CO2 adsorption of IR320 and IR350 at 30 °C
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Following the Langmuir fit, the experimental data were tested for fithess using the DR equation
to estimate the micropore volume (Vmicro) and area (Sor) of the torrefied IR carbons. Figure 5-

3 shows a linear plot of the DR equation for both sorbent, using a CO:2 gas density of 0.599 g

cm-3 [267].
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Figure 5-3- DR plot of CO2 adsorption for IR320 and IR350 at 30 °C

5.2.2 Adsorption analysis of Torrefied Carbon SP320 and SP350

Furthermore, pore characterisation of the SP320 and SP350 torrefied carbons were carried
out under similar adsorption condition as the IR to compare the soft- and hardwood. As evident
from the Type | isotherm shown in Figure 5-4, the hysteresis produced were smaller than those
found in the torrefied IR carbons. Additionally, the CO:2 uptakes of the SP carbons were lower
than the case reported for the IR due to enhanced porosity. This may also be related to the
anatomical changes that may have occurred within the softwood structures, although their
adsorption behaviours are similar. Based on the Type | isotherm, a Langmuir fit was applied
to estimate the monolayer capacity and the Langmuir surface area of the torrefied carbons, as

shown in Figure 5-5.
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Figure 5-5- Langmuir linear plot of CO2 adsorption of SP320 and SP350 at 30 °C
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Similarly, following the Langmuir fit, the experimental data were tested for fithess using the DR
equation to estimate the micropore volume (Vmicro) and area (Sor) of the torrefied SP carbons.
Figure 5-6 shows a linear plot of the DR equation for torrefied carbons SP320 and SP350,
using a CO: gas density of 0.599 g cm-3[267]. As shown in the DR plot, there was no deviation

from linearity over the entire pressure range.
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Figure 5-6- DR plot of CO2 adsorption for SP320 and SP350 at 30 °C

Given the dissimilarities evident in the adsorption isotherm, the Langmuir plots and the DR
plots of the torrefied IR and SP carbons, Table 5-2 shows the pore characteristics of the

different torrefied carbons.
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Table 5-2- BET surface area using N2 and maximum CO2 uptake of Torrefied IR and SP carbons

BET maximum CO2 uptake
SBET Vim
Sample m2 gL mmol g
IR320 0.45+/-0.008 0.4115
IR350 0.69+/-0.016 0.5855
SP320 0.38+/-0.016 0.2959
SP350 0.56+/-0.005 0.5305

Table 5-3- Pore characteristics of Torrefied IR and SP carbons determined from adsorption
measurements at 30 °C

Langmuir DR

Vm SL Vmicro SDR

Sample |  mmol gt m2 gt R2 cm3gt m2g? R?

IR320 | 0.75+/-0.04 | 77.05+/-3.71 | 0.97 | 0.09+/-0.06 | 132.58+/-0.01 0.99

IR350 0.85+/-0.01 | 86.61+/-0.01 | 0.98 | 0.10+/-0.06 | 149.87+/-0.06 0.99

SP320 | 0.54 +/-0.03 | 55.30+/-2.05 | 0.98 | 0.06+/-0.01 | 96.81+/-0.01 0.99

SP350 | 0.77 +/-0.02 | 78.97+/-2.21 | 0.99 | 0.09+/-0.07 | 139.12+/-0.01 0.99
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5.3 Discussion: pore structure characteristics

It is evident from Figures 5-1 and 5-4 that CO2 adsorption of the torrefied carbons exhibited a
similar shape, regardless of the precursor material. The variation in COz uptakes is a reflection
of the extent of porosity developed within the torrefied carbons. When the samples undergo
torrefaction, the thermal transformation resulting in the torrefied carbon correlates with their
untreated counterpart inherent properties. Tables 5-2 and 5-3 show a comparison of the
torrefied IR and SP carbons' porous characteristics at the different selected torrefaction

conditions.

Interestingly, the low-cost torrefied carbon IR and SP sorbents exhibited a progressive pattern
in the value of the Vmicro Obtained from the DR plot. As evident from the Type | adsorption
isotherm displayed for each torrefied carbon, the open knee at the low-pressure region is an
indication that the torrefaction with CO: induced the formation of narrow micropore
(ultramicropore), being the reason for the N2 gas adsorption limitations previously explained
in Section 7.0. As the torrefaction condition increases from 320 °C to 350 °C, the Vmicro Of both
torrefied carbon IR and SP also increased slightly, a consequence that may be attributed to
the shrinkage of the carbon matrix of their precursor materials, resulting in hysteresis
formation, shown in their isotherms. Hysteresis occurrence during torrefied wood/water
sorption has been associated with molecular conformational changes around the cell wall
matrix, induced by external factors [156], which may have also occurred in the case of CO2

adsorption with the torrefied carbon.

Aside from this, it is instructive to note the likelihood of new pores creation within the cell wall
and their subsequent destruction during the adsorption process, resulting in the adsorption
and desorption processes taking place on cell wall substrates that are of different physical
state, bringing about hysteresis formation. A study by Jeromenok and Weber on CO:2
adsorption of a polymeric material also found that aside from the creation of new pores,
occasioned by volume swelling, other processes related to kinetic and diffusional resistances
could also induce hysteresis formation during adsorption processes in microporous polymeric

materials [272]. The adsorption process itself can induce adsorbent surface alteration, and
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such influence by adsorption has been found in the case of nitrogen and water vapour
adsorption on montmorillonite [168]. Additionally, the cell wall matrix relaxation processes may
have contributed to hysteresis formation of the CO: adsorption on the torrefied carbons,
especially where the CO: adsorption temperature is further from the glass transition
temperature (Tg) of the torrefied carbon, known to contain polymeric substances. The glass
transition temperature is defined as the limiting temperature in which the polymeric substrates,
present in woody biomass, transforms from a rigid glassy state to a soft substrate (i.e., rubbery
or viscoelastic) [273]. The rigid substrates are developed below the Tq4 level, while the soft
ones are formed above the Tq4 level. The amorphous polymers in woody biomass structures,
such as lignin and cellulose, may become softened, following the re-organisation and relief of
some internal tension within their microstructure as they attain their glass transition
temperature limits. The glass transition temperature of hemicellulose has been reported to be
~40 °C, while those of lignin lies in the range of 50 - 100 °C, and for the cellulose, it is above
100 °C [273]. More so, since the torrefied carbons developed in this study are hydrophobic,
given the result of the contact angles, shown in Section 4.2.6.4, the consequence of an
increase in hydrophobicity correlates with an increase in glass transition temperature of the
torrefied carbons. Also, as the adsorption process occurs at 50 °C, relative to the polymeric
constituents' glass transition temperature within the torrefied carbons, these may have also
contributed to the hysteresis formation, owing to likely increase in motion of the lignocellulose

molecular chains.

Furthermore, following an increase in torrefaction severity, the transformational changes within
the cell wall structure, which resulted in the formation of small hysteresis in the SP samples,
relative to those of IR, can be related to the rigidity of the torrefied carbon. The rigidity of carbon
materials has been considered a determinant factor in carbon swelling. Less rigid carbons are
prone to developing larger pores that foster the opening of closed pores. Since woody
biomass, by nature, have narrow pores, the thermal treatment would further enhance their
porosity, causing the pores developed within to become enlarged and coalesce with
neighbouring pores in the cell wall matrix. This suggests that micropores formed at the
selected torrefaction conditions, under the heating rate of 10 °C minl are a function of

torrefaction degree.
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Given that torrefaction in this work was carried out under a CO2 atmosphere, the modified IR
and SP samples at 320 and 350 °C could have been induced by CO: reaction with the fixed
carbon contained in the constituents to form hot corrosion. The hot corrosion helped pores
development, bringing about the narrower hysteresis shown in the SP adsorption isotherm,
compared to the IR torrefied carbons. However, the broad hysteresis evident for the 320 °C
torrefied carbons may be associated with the existence of ill-defined pore connectivity. As per
the results shown in Table 5-3, it is evident that the torrefaction process, based on the selected
temperature conditions of 320 and 350 °C, did not result in very high surface area for the

torrefied carbons.

The S. of the IR and SP torrefied carbons seem to be increasing with an increase in the
torrefaction condition, similar to that of the Sger. The Sger and S. values for the torrefied IR
carbons were also more remarkable than those of SP in each of the torrefaction condition
investigated. The values of SL and Vmicro for the torrefied IR carbons, relative to SP, suggests
that the IR torrefied carbons would offer more adsorption space under similar adsorption
conditions, enhancing CO: adsorption. Also, the reduced surface area and pore volume of the
torrefied SP carbons would likely increase the mass transfer resistance of CO:z gas during the
adsorption, compared with the torrefied IR carbons. Also, while it was evident that the S. of
the torrefied IR carbons are higher than those of the SP, this correlates with the reduction in
the Vmicro OVer increasing torrefaction severity. A similar trend has been reported in a study by
Kercher and Nagle, where such behaviours were attributed to the ‘condensation of carbon into
denser crystallites, leaving behind the formation of nanometre-sized pores in the pyrogenic

carbon [274].

Since Vmicro Of the torrefied IR and SP carbons increased slightly with an increase in
torrefaction condition, this further confirms the influence of temperature and residence times
on pore development in the torrefied carbons. A number of researchers have also investigated
the influence of temperature on the pore cross-sectional area of torrefied woody biomasses
[226] [275]. Hass et al. reported a rapid increment in macropores' cross-sectional area, using
wood offcuts from poplar wood under a fast pyrolytic environment (temperature range of 50 to

500 °C) [275], which lends further credence to the findings in the current study. While such
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increments were associated with the evolution of liquid and volatile products, occasioned by
the thermal decomposition of the biomass structure, a similar investigation by Keiluweit et al.,
using grass and pine wood, pyrolysed at temperatures ranging from 300 to 400 °C, suggests
that such temperature regimes represent the end of the transition from an untreated feedstock
character to a thermally modified biochar [276], which falls within the temperature range
investigated in this study. High temperatures above 400 °C, as investigated by Yuan et al., for
the pyrolysis of pinewood straw, resulted in a lower surface area biochar (8.9 m? g at
1200 °C), attributed to melting of the pinewood particles [277]. This lends further support to
the choice of less than 400 °C employed in the current work for the torrefied carbon

development for CO2 adsorption.

The pore characterisation initially carried out using N2 at -196 °C revealed the pore
characteristics of the torrefied carbons. Although such analysis helped provide quantitative
information regarding the porous nature of the torrefied carbon, the techniqgue may not reflect
the accurate pore characteristics of the torrefied carbons. Further analysis using the DR
equation shows that the Vmicro calculated is close to the range of 0.1 — 0.4, explained in Section
2.17.1.1. As described in Section 2.20.2, and given the Gaussian pore size distribution shown
in Figure 2-25, a close comparison of the Gaussian distribution and the DR plots for the
torrefied carbon IR and SP showed evidence of an unclear deviation from linearity, at the low
log? (P°/P) region of the DR plot, particularly for the IR samples, an indication that the pores
developed within the torrefied carbon are too narrow to permit adsorption at the experimental

temperature.

Values close to 0.1 — 0.4 were obtained for Vmicro, and the CO2 adsorption condition of 30 °C
may have affected the results obtained, as CO2 adsorption analysis is usually carried out at a
temperature of 0 °C, over an estimated longer time, which may allow true characteristics of
the torrefied carbon to be revealed. The effect of N2 gas on the surface area analysis has been
explained previously in Section 5.1; however, using CO2for surface area analysis has resulted
in a more reliable result. The CO:2 utilisation aligns with the findings on the comparative
analysis of Sger carried out by Della Rocca et al., using a hardwood char, developed at

temperature conditions of 350 and 850 °C, in which N2 was used for the BET analysis and
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CO:2 employed for the DR model. The work showed that CO2 / N2 surface area ratio was as
high as 245, which may be nearer to what may be obtained in this study [278]. Also, while the
values of the Sger and those of S. and Spr are different, it would be ill-judged to assume that
those determined from CO2 analysis are more realistic. It is also possible that CO2 may have

interacted strongly with some surface groups resulting in the values obtained.

5.4 CO; adsorption of torrefied carbon at 50 °C

Section 5.3 of this work has discussed the results obtained from the pore characterisation of
the torrefied carbon at an adsorption temperature of 30 °C. However, Section 5.4 would look
at the adsorption performance of the torrefied carbons at 50 °C, being a condition that may
simulate CO: capture from flue gas streams during post-combustion capture. This would
compare performance for the torrefied carbons with other sorbent used in CO2 capture
processes. Figures 5-7 and 5-8 shows the adsorption isotherm of the IR and SP torrefied

carbons, respectively.
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Figure 5-7-The adsorption isotherm of CO2 on IR320 and IR350 at 50 °C
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Figure 5-8- The adsorption isotherm of CO2 on SP320 and SP350 at 50 °C

5.4.1 CO; sorption performance

As shown in Figures 5-7 and 5-8, it was evident that the adsorption isotherm at 30 °C followed
a similar trend with those at 50 °C. This suggests that both processes are governed by
physisorption; however, lower uptakes were experienced for the adsorption at 50 °C. The
lower CO2 uptake experienced was as expected, which may be attributed to the higher thermal
energy of the CO2 during adsorption at 50 °C. The CO2 uptake at the adsorption temperature
of 50 °C are in the order of IR350 > SP350 > IR320 > SP320, which seems to correspond with
the influence of an increase in torrefaction conditions on the torrefied carbons. As shown, it
can be concluded that the increasing torrefaction condition correlates with the Sger and Vmicro
values determined since the CO2 adsorption capacity of the torrefied carbons depends on their
pore characteristics. More so, it has been established that Vmicro ranging from 0.1 — 0.4 is
preferred for CO2 adsorption, as such pores are known to have a high affinity for gas
adsorption [279] [175]. Furthermore, as evident from Figures 5-7 and 5-8, the isotherms also
appeared steeper with increasing adsorption pressure, suggesting the effect of porosity on the
torrefied carbons relative to the CO2z uptake. For all the torrefied carbons investigated, the

reduced CO:2 uptake at the temperature of 50 °C, compared to the case at 30 °C, confirms that
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the adsorption process is exothermic, in agreement with a previous study on CO2 adsorption

on activated carbon developed from other carbon-based materials [76].

Based on the CO2 adsorption capacity, it is possible that aside from surface area, other factors,
such as COzinteraction with the surface functional groups on the torrefied carbons, might have
played a contributing role to the CO2 adsorption. A number of researchers have studied the
influence of N-containing groups on the CO: adsorption of carbon-based adsorbents [226]
[280]. Some N-functional groups, such as pyrrolic N and -C=NH, have been found to offer
strong anchor sites for CO2, with a potential to induce acid-based chemical interactions [279].
Additionally, since CO:2 has a strong quadrupole moment (13.4 x 10-%° C m?), with no dipole
moment, there is a likelihood that the gas would interact with the N-containing group on the
torrefied carbon via the polar bonds available on either end of its linear structure [48]. Although
a detailed analysis of the N-containing groups using some technique such as X-ray
photoelectron spectroscopy (XPS) was not employed in this work due to limited resources, the
FTIR confirms the presence of some N-containing groups on the torrefied carbon surfaces.
The N-containing groups does not only influence the CO2 adsorbed phase but also, they exert
influence on the adsorptive gas occluded within the micropore of the torrefied carbon, as the
adsorptive further pressed against each other within the pores space due to pore wall

overlapping effects.

A similar study on N-containing compounds' influence has also been reported for CO:2
adsorption on carbonised hickory wood and sugarcane bagasse, following a slow pyrolytic
process [256]. Although the hickory wood, in this case, presented a higher surface area, the
bagasse biochar seemed to adsorb more CO2 than the hickory biochar, owing to the presence
of more N-containing group on its surface. While the N-containing group may have played a
role in the CO2 adsorption of the torrefied IR and SP carbons, it is instructive to note that,
where an additional N- containing group is doped on the torrefied carbons, although not within
the scope of this work, the possibility of the torrefied carbons adsorbing more COz is likely at
the adsorption temperature of 50 °C. A previous study has confirmed that doping N-containing
groups onto carbon surfaces helps facilitate hydrogen bonding / CO:2 interaction, and the

production of acid-base complexes have not been found [281]. As a result, it can be concluded
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that the pore volume of the torrefied carbons, as well as the presence of some N-containing
groups, may have been responsible for the CO2 adsorption by these materials. Although the
elemental composition of nitrogen present in the torrefied carbons continued to decline with
increasing torrefaction condition, the extent of decline may affect the level of the N-containing
group; hence, the fraction of the N-group remaining may have induced multipoles on the COz,

leading to its adsorption.

Regarding the CO:2 adsorption performance of the torrefied carbons, the monolayer capacity
for the adsorption at 50 °C, determined from the Langmuir model, shows that the IR350
torrefied carbon has the highest uptake (0.81 +/- 0.04), while those of IR320 (0.56 +/- 0.04),
SP320 (0.45 +/- 0.02 ) and SP350 (0.76 +/- 0.02 mmol g?) reported lower values. Compared
with the CO2 adsorption at 30 °C, the reduced monolayer capacity at 50 °C may be attributed
to the increased kinetics of the CO:2 due to higher adsorptive energy. Additionally, the S. and
Seet of the torrefied IR carbons were all higher than those of the SP carbons developed at the
same torrefaction condition of 320 and 350 °C. As observed, the IR torrefied carbons seem to
adsorb more CO: than those of SP, which may be related to the IR torrefied carbons, having
more nitrogen-containing functional groups, as seen from the ultimate analysis and the FTIR
results. More so, the results of the ultimate analyses further supported this view, as the
elemental nitrogen content in the torrefied IR carbons were more than those contained in the
SP carbons, despite the increase in torrefaction severity. Whilst the capacity for CO:2
adsorption by the IR torrefied carbons may have resulted from stronger interactions of surface
groups with the CO2 molecules, being an acidic gas and a specific N-containing group on the
IR, which may have provided the basic character, it is instructive to note that sorbents’
possessing various N-functional moieties would exhibit similar higher CO2 uptake compared
with those containing lesser N-functional moieties [280]. Therefore, this suggests that higher
CO2 uptake reported for the IR torrefied carbon, compared to those of SP, may be attributed

to the presence of functional groups and their levels.

More so, as evident in the COz adsorption isotherm of the SP samples at 50 °C, the isotherms
showed an almost nearly reversible desorption pathway, given the presence of narrow

hysteresis near the low-pressure region, compared with those of the IR torrefied carbons. As

192



previously witnessed for the COz adsorption at 30 °C, the hysteresis formed were not as broad
as those evident in the torrefied carbon adsorption at 50 °C. Given the variations, it is likely
that CO2 adsorption at 50 °C may have induced temporary structural distortion within the
torrefied carbon structure at this condition. This effect may have enabled the opening of initially
inaccessible pores within the torrefied carbon structure, which were not recovered during the
short time of the desorption process; hence, the CO2 molecules become trapped in the pores
leading to broader hysteresis formation in the torrefied IR carbons. Such behaviour has also
been supported in a previous study by Bailey et al. on the adsorption of organic vapours on
porous carbon [282]. Although the phenomena of elastic deformation have been experienced
by a number of porous sorbents, such as charcoal, activated carbon, aerogel, etc., the effect
does not show much impact on the adsorption isotherm, except in the case of polymeric-
related adsorbents [183], which may be likened to the behaviour displayed by the torrefied

carbons in the present study.

5.5 Thermodynamic of CO; adsorption of torrefied carbon

Furthermore, for an in-depth analysis of the CO:2-torrefied carbon interactions, it was
necessary to characterise the torrefied carbon, using some thermodynamic parameters, such
as the isosteric heat of adsorption (AHags). The quantification of such parameter is crucial for
system design, and since AHadgs depends on the extent of surface interaction when an
adsorptive is exposed to a sorbent, it would help in the future analysis of regeneration energy
associated with the use of torrefied carbons for CO2 capture. The AHags was determined as a
function of CO:2 loading from three different adsorption isotherms employed at close
temperatures (30, 40 and 50 °C) (AT =10 °C in each case), as shown in Appendix, and then

applying the Clausius-Clapeyron equation.

The close temperature of adsorption was selected to increase the statistical significance and
minimise errors since AHags is temperature-dependent. Wide temperature intervals may
introduce errors, as have been reported in [175]. Fixed surface coverage of CO:z loading (n)
across the three adsorption isotherms was fitted as a function of pressure for a given loading

to enable comparison of sorption sites with uneven energy distribution. Values of n (0.01, 0.02,
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0.03, 0.04, 0.05, 0.10, 0.13, 0.15 and 0.19), representing a range of surface coverage were
selected from the lower regions of the three isotherms. The values at these lower regions are
also closer to the partial pressure of CO2 (0.15 bar) in flue gas during post-combustion CO:2

capture, where adsorption often occur on the most energetic sites [283].

Extrapolating beyond the minimum and maximum CO: uptakes were also considered since
COzadsorption on SP320 torrefied carbon at 50 °C has the lowest uptake. By considering this,
the fitting produced a sequence of n/ps, n/pz, and n/ps data pairs from the three isotherms (30,
40 and 50 °C), for each torrefied carbon, and these were used to determine the differential
heat of adsorption on the various energy sites present on the torrefied carbon. A linear plot
resulting from In P against 1/T gave a slope of (-AHvap/R), from where -AHvap = AHags Values
were determined (sample plots of the first two coverage (n -0.01 and 0.02) is shown in the
Appendix). Then for each AHags determined from the linear plot, AHags is plotted against their
corresponding ‘n’ value, and the AHags (n=0) was estimated. Figures 5-9 and 5-10 represents

the isosteric heat of adsorption for torrefied carbons IR and SP.
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Figure 5-9- Isosteric Heat of adsorption of CO2 on IR320 and IR350
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Figure 5-10- Isosteric Heat of adsorption of CO2 on SP320 and SP350

It is evident from the plots of AHags against the corresponding surface coverage that the
estimated AHags (n=0) were all < 80 KJ mol?, an indication that van der Waals intermolecular
forces govern CO:z adsorption on the torrefied carbons. Physical sorption processes, which
can generally be reversed and are by nature exothermic, have been reported in adsorption
enthalpy values < 50 KJ mol [40], which can be compared with the AHags values obtained in
the present work. AHadgs in porous materials have been described as the summation of
individual contributions of the varying surface coverage on an adsorbent, starting from fluid-
fluid interaction prior to the fluid-solid interaction within the porous solid during adsorption
processes [284]. At the onset of adsorption, low fluid-fluid interaction often dominate. During
this time, the fractional filling pores experience is insufficient to provide a meaningful
contribution towards intermolecular interaction enthalpy. However, with an increase in pore
filling, the adsorptive would deviate from its ideal behaviour and contributes to the build—up of

intermolecular enthalpy of adsorption.

Additionally, other non-specific fluid-solid interaction and their contribution towards the build-

up of the enthalpy of adsorption also depend on the pore characteristics and availability of
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high energy sites [284]. Aside from these, it is instructive to note that specific fluid-solid
interactions induced by polarised functional groups’ may also contribute to the intermolecular
interaction enthalpy. The effects from these levels of interactions would undoubtedly contribute
to an initial enthalpy value of adsorption, represented at the highest binding energy site on the
adsorbent. The highest binding sites are often occupied at the low-pressure region of the
adsorption isotherm [168]. As the AHads defines the binding strength of an adsorbent-adsorbate
pair, it is anticipated that such binding strength will vary with an increase in surface coverage,
occasioned by the nature of adsorbent, adsorbate and extent of interaction between the

adsorbed molecules themselves [168].

Given the selected surface coverage, the AHads curve may be explained using three regions,
namely — the AHags at zero surface coverage (n = 0), AHags at low surface coverage (0 < n <
0.1) and the AHags at the moderately high surface coverage (0.1 < n). As observed, the shape
of the AHags curves of the IR and SP torrefied carbon suggests that heterogeneous surfaces
exist on the torrefied carbons, given the variation in values of the AHads, Obtained at different
CO2 loadings. Such variations can also be associated with the effects of corresponding
torrefaction conditions, which may have resulted in the CO:2 adsorption occurring at the
crevices within the pore channels created, where adsorption may have been influenced by
different atomic species, amongst other functional groups available on the surface of the
torrefied carbons. Similar adsorption of an acidic gas (SO2) on charcoal has been reported to
result in an initial decline in AHags, due to surface heterogeneity, as atoms present on the
surface of the charcoal, separated by distance, and at different geometrical configuration

induced different interaction energies on the SO2 molecules [285].

The estimated values of the AHadas from the curves are IR320 (-45 KJ mol 1), IR350 (-58 KJ
mol 1), SP320 (-28 KJ mol 1) and SP350 (-41 KJ mol -1). These AHags values represent the
binding strength of the CO: that first adsorb at the most active sites on the torrefied carbon
near the zero surface coverage (n=0) region, where pore wall interaction effects on the CO:
show great attraction force. From the zero to the low coverage region, the magnitude of AHads
is mainly dependent on the binding strength of COz on the active sites, which are rapidly

saturated in this region. The maximum value of the AHads in this region may result from a small
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fraction of the torrefied carbon surface being covered by the adsorbed CO-. After the adsorbed
CO:2 occupied the high energy sites, it can be seen that the differential enthalpy of adsorption
continues to decrease with an increase in the CO: loading, particularly for the torrefied SP
carbon samples. The decrease in the value of AHads is as expected, given that the more
negative the value of the AHas, the more the amount of gas species that can be
accommodated by the adsorbent [175]. This is also because subsequent CO: intake is
possible as the interaction energy of adsorption is still above the enthalpy of liquefaction of

CO2 (- 17 kJ molt) [175].

As observed from the AHads curve, the IR torrefied carbons exhibited an ascending value in
the AHags, after the initial AHads for the zero coverage region. Although the expectation is that
AHads would continue to decrease with an increase in surface coverage in the range (0.02 to
0.05); however, CO:2 interaction with initially inaccessible high energy sites may likely have
coincided where high fluid-fluid interaction is taking place, resulting in high AHags value at this
region. The shape of the AHads curve in this region would depend on the competing forces
between the CO2-high energy sites still available and the fluid-fluid interaction. Also, as
reported in a similar study, in the case of ether vapour adsorption on charcoal, the maxima and
minima points, resulting in a significant variation in AHags, due to the oscillating nature of the
AHags curve at the low coverage region, have been attributed to the superposition of opposing
orientation and dispersion effect of the adsorbate-adsorbent interactions [168]. Additionally,
the views from Palmer affirmed that such ascending behaviour of AHags at low uptake region
is attributed to the tendency of an adsorbate to self-associate, in which the resulting attraction
energy, plus the interaction emanating from the adsorbate-adsorbent interaction at the same
time may result in the AHags increase, as demonstrated in the adsorption of methyl alcohol on
vitreous silica [286]. This suggests that fluid-fluid interaction experienced at the low uptake
region of the torrefied IR AHags curve may be higher than the CO2-high energy site interaction
at this region, which has also accounted for the higher CO2 adsorption of the IR torrefied

carbon.

For the moderately high surface coverage region (0.1 < n), AHags is seen as decreasing with

increasing CO: loading for both IR and SP torrefied carbons. As the name implies, the high
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surface coverage encompasses fluid-fluid interaction, which would most likely dominate in
wider micropore within the torrefied carbon structure. As a result, the high uptake region may
witness the completion of specific fluid-solid interaction, with further adsorption nearing the
CO: heat of liguefaction. Although the values of the AHags Obtained for the AHads curve of the
torrefied carbon investigated are still further from the enthalpy of liquefaction of CO: (i.e., -17
kJ mol?), this may be due to the adsorption isotherm not reaching the pore-filling regime at
the maximum pressure of 1 bar employed for the torrefied carbon characterisation. The
Clausius-Clapeyron equation was derived based on the assumption that AHvap Of adsorbate
from an adsorbent surface is non-variant; however, in practice, the adsorption enthalpy may
vary, depending on surface heterogeneity [168], which has been proven by the torrefied
carbons investigated in this study. Also, since enhanced heat of adsorption indicates
preferential adsorption of CO2 on torrefied carbons, with the AHags < 80 KJ mol?, suggesting
physisorption process taking place, lower regeneration energy would be required for the CO:2
capture, where the torrefied carbon is employed for CCS applications. Therefore, having
investigated the AHags, as a crucial thermodynamic parameter relevant for energy consumption
analysis in adsorption processes, it is crucial to study the associated kinetics governing the
minimal equilibrium uptake of the torrefied carbons adsorption at a temperature of 50 °C to

assess their performance.

5.6 Adsorption kinetics of CO; on torrefied carbon

As explained in Section 2.22, the diffusion model recognises the steps involved in an
adsorption process, with adsorption proceeding via film diffusion, through to pore (internal or
intra-particle) diffusion, and then to mass action (i.e., the adsorption and desorption to and
from the active sites [210]. Interpretation of data through the application of kinetic models
provided insight into the processes involved in the CO2 adsorption by the torrefied carbons.
Therefore, itis crucial to ensure the validity of a suitable kinetic model used for such modelling.
As described in Section 2.22.1.2, the linear driving force model (LDF) has been applied in
modelling a wide range of adsorption kinetics; however, it provides for a single rate-
determining step, which is limited to molecular diffusion at pore entrances [287]. Given the

expected chemical surface interaction of the torrefied carbons, in addition to pore diffusion, it
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was expected that the LDF would provide an inadequate description of the adsorption
processes; hence fitting the kinetic data using the LDF model showed this to be the case with
poor fitting obtained for the LDF model. The fit provided by the LDF model for CO2 adsorption

on the IR320 sample is shown in the Appendix.

Consequently, more complex forms of the nested models, namely: the stretched exponential
(SE), represented by Equation 58 and the double exponential (DE) model, Equation 59, were
considered and tested for their fitness with the kinetic data of the CO2 adsorption on the IR
and SP torrefied carbons. The kinetic data for each pressure step (100 — 1000 mbar) on the
adsorption isotherm (at 50 °C) for IR320, IR350, SP320 and SP350, were extracted from the
IGA Swin software. As shown in the Appendix for the SE and DE models, the DE model seems
to reproduce a better CO2 adsorption fitting on a time-dependent function. The DE model was
also fitted with the least number of variables, with the linear regression meeting the criteria of
an acceptable fit, with a residual range of +/-0.04; an indication of conformance of the DE
model of a normalised kinetic profile, with two distinct processes. Figures 5-11 to 5-14 shows

the CO: adsorption kinetics of the torrefied carbons.
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Figure 5-11- Adsorption kinetics of CO2 against pressure for IR320 at 50 °C
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Figure 5-12- Adsorption kinetics of CO2 against pressure for IR350 at 50 °C
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Figure 5-13- Adsorption kinetics of CO2 against pressure for SP320 at 50 °C
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Figure 5-14- Adsorption kinetics of CO2 against pressure for SP350 at 50 °C

As deduced from Figures 5-10 - 5-14, the kinetic profiles suggest that the CO2 adsorption
kinetics of the torrefied carbons followed the DE model. This indicates that molecular diffusion
of CO:z into the torrefied carbons' micropores is controlled by two distinct kinetic processes -
one fast and the other slow, with a distribution of mass relaxation times. The fast process is
with rate constant (ki), ranging from 2.46 x 102 — 6.64 x 102 s, while the slow process with
rate constants (kz), ranges from 6.1 x 10> — 5.6 x 10-. Diffusion processes have been known
to control the rate-determining steps of physical adsorption processes. Also, such processes
may involve gas, Knudsen and surface diffusion regimes, depending on the mean free path of
the gas, as explained in Section 3.9.1. Given this, it is crucial to explore how diffusion and pore

dimension influences the adsorption rate of CO: in torrefied carbon.

Furthermore, the first (fast) process with rate constant ki describes CO: diffusion along the
pore cavities due to the interaction of CO2 molecules with the surface functional groups
available on the torrefied carbon, once at proximity, as reported in [222]. Also, the permanent
guadrupole moment of the CO2 may have contributed to the fast kinetic nature, as permitted
by the structural environment of the torrefied carbons. At the low-pressure regions of the

adsorption isotherm, say < 0.15 mbar, surface functional groups have been known to promote
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increased adsorption rates of CO2. Such fast kinetics are consistent with a site to site hopping
mechanism, which has been associated with the influence of surface functional groups on
adsorption rates, as reported in the adsorption of polar molecules on activated carbons [222].
As observed for the torrefied carbons developed at 350 °C, the rate constant of the fast
process seems to be increasing, though not at a progressive pattern, compared with the rate
constant of the torrefied carbon developed at 320 °C. The difference in adsorption behaviour
could be attributed to the structural changes that may have occurred within the torrefied carbon

during their development.

For the slow processes, the rate of CO2 diffusion may be related to the pore window of the
torrefied carbon, of < 2 nm, as expected. However, since the pore size governs the molecular
diffusion of gases in porous media, gas molecules' orientation as they approach the pore
entrance becomes crucial. For a CO2 molecule with a kinetic diameter of 0.33 nm to pass
through the pore window, it must first orient itself for ease of access into the pores. As evident
from the kinetic profile, the rate constants decline slightly with an increase in adsorption
pressure. This decline is because, as the fractional loading of the CO: into the pores increases
with an increase in adsorption pressure, the effective pore width developed in the torrefied
carbon would be affected by the pore filling, and the rate with which CO: diffuses through the
pores would be slowed. The fractional filling increase would also limit COz access to the initially
exposed surface functional groups on the torrefied carbon, causing the slow process to be
independent of the torrefied carbon surface chemistry at higher fractional loading. However,
following the orientation of the CO: and the subsequent access of a few molecules, the
molecules may further compete against each other for adsorption energy sites within the
torrefied carbon structure. And with further increase in adsorption pressure, the CO2 gas may
begin to cluster. As a result, the pore entry would be limited; hence the pore width originally
controlling the slow kinetic process becomes affected. Such an effect on the pore size will
induce further a barrier to the surface diffusion; hence the slow kinetic process experienced.
The slow process can also be associated with the longer time it takes to surmount the

activation energy barrier, leading to the CO2z adsorption following the system equilibration.
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Conclusively, although the two diffusion processes occur concurrently, given the rate at which
adsorption processes occur, the fast process would be affected by the reduced effects (pore
filing) from the slow process. As a result, the slow process becomes the rate-determining step
of the CO2 adsorption, occurring at the high energy sites of the torrefied carbons. As per
Equation 59 of the DE model, the pre-exponential factors (A1 and A2) as variables also
contribute to the kinetic model fitting. The contribution from the pre-exponential factors is

shown in Figures 5-15 — 5-18.
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Figure 5-15- Pre-exponential factor A1 and A2 contribution for CO2 adsorption on the torrefied carbon
IR320, based on the DE model at 50 °C
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Figure 5-16- Pre-exponential factor A1 and A2 contribution for CO2 adsorption on the torrefied carbon
IR350, based on the DE model at 50 °C
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Figure 5-17- Pre-exponential factor A1 and A2 contribution for CO2 adsorption on the torrefied carbon
SP320, based on the DE model at 50 °C
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Figure 5-18- Pre-exponential factor A1 and A2 contribution for CO2 adsorption on the torrefied carbon
SP350, based on the DE model at 50 °C

Having analysed the contribution from the pre-exponential factors (A1 and A2) against
increment in adsorption pressure, the (A1, A2) trends suggest that process 2 contributes more
to the CO:2 adsorption. The A2 trend seems to converge more towards the centre (0.5 value)
of the (Al, A2) axis of the plots, in which for pressure equilibration, A1 + A2 must be = 1.
However, it is crucial to note that neither of the two processes is entirely dominant as both play
a vital role in CO2 adsorption on the torrefied carbons. Kinetic consideration is an essential
aspect and performance measurement metric in every adsorption process in the industry.
Adsorption cycles with shorter cycle time < or = 12 min for a PSA process have often been
recommended, as working towards the achievement of lesser time of adsorption, increases
the system performance [288]. As evident from the DE model shown in the Appendix, the CO:2
adsorption rate by the torrefied carbon is fast, given the equilibration time of an average of <
8 min for the IR carbon and about 11 min as observed for the SP carbon sample.
Consequently, the short time of approaching equilibrium is an indication that there is potential

from these materials on a kinetic basis.
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5.7 Post CO, adsorption HHV analysis of torrefied carbon

As the scope of this work was to investigate CO2 adsorption of torrefied carbons for CCS
applications, the objectives included determining whether torrefied carbons can be recycled
as fuel in the same coal-powered plant integrated with the CCS unit after the torrefied carbon
would have been entirely spent for CO2 capture. The torrefied carbon intended for such
application would be employed for CO2 capture based on a Temperature Swing Adsorption
(TSA) technique. The TSA process aimed to utilise low-grade waste heat that may be
recovered from the combustion stacks of the coal-fired power plant's boiler system for

regeneration purposes.

However, given the limitations of this work, this aspect of the research framework could not be
achieved. The pressure swing adsorption (PSA) process employed was limited to the torrefied
carbon characterisation. The result obtained shows the likely performance of torrefied carbons
in future adsorption systems. Despite adopting the PSA, it was necessary to assess the
energy value of the spent torrefied carbons. As a result, ultimate analysis of the spent torrefied
carbons were carried out, as described in Section 3.4.2. The HHV of the spent torrefied
carbons were estimated using the model equation stated in Section 3.4.3. The post-CO2
adsorption HHV of the torrefied carbon were compared with those of the pre-CO:2 adsorption,

as shown in Figures 5-19 and 5-20, to assess the torrefied carbon fuel quality.

5.7.1 Calorific value analysis (pre and post - CO, adsorption) torrefied carbon

As shown in Table 5-4, it was evident that the carbon contents of the torrefied carbons
increased slightly, following the CO2 adsorption at 50 °C. Besides the likely interaction of CO2
gas with the torrefied carbon during the adsorption process, which may have contributed to an
increase in the carbon contents, the adsorption system's temperature may have also impacted
the fuel’s quality. Additionally, while the carbon content increased slightly, the hydrogen and

nitrogen species also declined slightly, with oxygen following a similar trend.
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Table 5-4-Elemental composition of post-CO2 adsorption IR and SP torrefied carbon sorbent at 50 °C.

Figure 5-19- Post-COz2 (at 50 °C) and Pre-CO2 HHV comparison of IR320 and IR350 torrefied carbons

Torrefied carbon
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Sample C% H% N% 0% Pre-CO2 | Post-CO2
HHV HHV
(Post) (d.a.f) (d.a.f) (d.a.f) (d.a.f)
(MJIkg?) | (MIkg?)
IR320 67.89 4.43 0.39 27.29 26.49 26.78
IR350 68.20 4.38 0.30 27.12 26.75 26.85
SP320 63.98 5.64 0.19 30.19 26.13 26.21
SP350 73.01 4.59 0.15 22.25 29.12 29.52
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Figure 5-20- Post-COz2 (at 50 °C) and Pre-CO2 HHV comparison of SP320 and SP350 torrefied carbons

Also, as evident in Figures 5-19 and 5-20, the HHV of the spent torrefied carbon improved
slightly, an indication that the spent torrefied carbon can be employed for co-firing applications
in the same coal-powered plant integrated with a CCS unit. However, from an energy
consumption perspective, assuming a TSA process was employed for testing the CO:2
adsorption performance, the total energy that would have been spent for the development of

the entire process would equal:

Ein + Qreg

The parameters associated with the above expression (Ein and Qreg) have been defined earlier
in Equation 1.6, Equation 2.13, and the AHads explained in Section 5.5. It is anticipated that
low AHadgs of CO:2 using the torrefied carbons would require less energy during CO:2
regeneration (Qreg). Energy consumption using the PSA process were not estimated in this
work, as it is not within the initial research framework. A change in AHads would affect how
much CO: is captured in future applications. This also has a direct relationship with the

sensible heat that may be required for regeneration processes under a TSA arrangement. The
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total energy consumption from the combination of the terms above would be compared with
the regeneration energy applicable in COz capture, using MEA as the industry benchmark,
estimated around 4530 kJ kg of CO: capture [82]. The HHV of the spent torrefied carbon,
which would be exploited for the co-firing purposes, would be an added value to the CCS
application, allowing reduction of the amount of fresh coal that may be required to power the
coal-fired plant, thus compensates for energy penalty and meeting some objectives of this

study.
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Chapter 6 : CONCLUSION AND FUTURE WORK

6.1 Research limitations

The initial framework of this research was to study the adsorption performance of torrefied
carbons under a Temperature Swing Adsorption (TSA) process arrangement and relate the
findings to how energy penalties associated with sorbents’ materials performance in Carbon
Capture and Sequestration (CCS) applications can be drastically reduced. This would have
ensured a closed-loop system of using the same torrefied carbon developed under a CO:
torrefaction environment for CO2 capture, as fuel once the torrefied carbon is entirely spent for
the CCS processes. Unfortunately, this aspect of the original research plan could not be
realised due to limitations within the project; hence, an understanding of the applicability of the
torrefied carbons would require detailed characterisation of the torrefied carbons based on

standard conditions.

The characterisation of the torrefied carbon in this work, using CO2 adsorption data obtained
at 30 °C, as opposed to 0 °C reported in previous adsorption analysis, was based on technical
constraints imposed by the adsorption system used to run such analysis at 0 °C. This was in
addition to anticipated longer durations for such analyses, which were further impacted by the
constraints on laboratory working hours that resulted from the COVID-19 global pandemic. As
a result, CO2 adsorption data at 30 °C was used to characterise the torrefied carbons. This
temperature is below the critical temperature of CO2 gas (31 °C) and still within an acceptable
standard room temperature, as suggested in previous studies in the literature. The results
obtained here may not fully represent accurate pore characteristics of the torrefied IR and SP
carbons; however, the general trends obtained are expected to be the same at lower

temperatures of analysis.

Aside from the above, other criteria for assessing adsorption performance such as selectivity,
adsorption capacity, resistance to attrition, and the torrefied carbon's chemical stability would
have offered a more detailed analysis of CO2 adsorption performance of the torrefied carbons.

However, the timeline to conduct these analyses was affected by universities' national
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lockdown for several months. As a result, the results presented in this work could serve as a
foundation for future works on the use of torrefied carbon for CO:2 capture and cofiring
applications, based on the optimum condition of performance established using the materials

investigated.

6.2 Overview

Torrefaction is a thermochemical conversion process that has been used over the years in the
production of a range of bioenergy resource alternatives. Recent studies have shown that such
technology can be integrated with other industry areas, such as CCS. As a result, this work
has evaluated the application of torrefaction technology for carbon-based adsorbent 'torrefied
carbons’ development for COz capture and co-firing applications. Within the work, two woody
biomass materials (Iroko (IR) and Scottish Pine (SP)) were studied extensively for their
potential use for adsorbent development. The impacts of torrefaction on the physicochemical
characteristics of the torrefied carbon were discussed. Also, CO: adsorption studies were
performed to assess the torrefied carbons' potential for utilisation in CCS applications. During
the thermochemical conversion processes, the changes that occurred within the materials'

inherent properties enhanced their fuel quality and the capacity for CO2 adsorption.

The lignocellulosic constituents of the woody materials, namely — hemicellulose, cellulose and
lignin, reacted differently, given the change in selected torrefaction conditions. The
degradation of these constituents led to the enhanced calorific value and hydrophobicity of the
torrefied carbons. The torrefaction performance indicators, such as energy yield, energy
density and energy gain, amongst others, were used to assess the fuel quality of the torrefied
carbon for suitability in cofiring applications. The torrefied carbon also showed some
characteristic tendency as a potential material for CO2 capture. The microporous character of
the torrefied carbons is shown by the results of the Langmuir and DR analyses. The adsorption
capacities obtained are higher than those of other non-carbonaceous adsorbents that have
been discussed in other studies within the literature. Therefore, it is instructive to note that the

torrefaction process employed was carried out at lesser energy requirements than what may
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be obtainable in typical pyrolysis for pyrogenic sorbent development, which may come at a

much higher temperature condition and cost.

6.3 Overall conclusion

In conclusion, given the torrefied carbon developed in this work, it was evident that those
developed at the torrefaction temperature condition of 350 °C showed the highest adsorption
capacity for both IR and SP carbons. This is in addition to having a higher heating value and
hydrophobicity, with all values > 90 °C. The results from the characterisation of the torrefied
carbons show a high degree of performance, given the energy gain (104) for SP and (102) for
IR, at the torrefaction conditions of 320 °C. The temperatures of 320 and 350 °C were
investigated extensively, despite the other 290 and 380 °C temperature conditions, given the
limitations discussed. The temperature of 320 and 350 °C are considered the optimum
performance conditions for such material to be taken forward for CO2 capture application. This
is as a result of the need to preserve the mechanical strength of the torrefied carbons since
the calorific values of the torrefied carbons developed at these conditions, for example, IR
(26.49 MJ kgtand 26.75 MJ kgt) and SP (26.13 MJ kgt and 29.12 MJ kgt) were higher than

that of the low-ranked coal (23.20 MJ kg?t) investigated.

The characterisation of the torrefied carbons, given the FTIR results, suggests the existence
of some N-containing functional groups on the torrefied carbon surface, which may have
attracted COz, causing adsorption. Consequently, it is anticipated that the torrefied carbons
can be employed for CCS and cofiring applications. Additionally, the CO2 adsorption
performance of the torrefied carbons were assessed from both thermodynamic and kinetic
perspectives. The thermodynamic study results suggest that the torrefied carbons would
require relatively lower regeneration energy if employed for CO2 capture application. This is
given the values of the isosteric heat of adsorption for the torrefied carbons investigated, which
were lower than 80 KJ mol?, indicating that the CO2 adsorption is physisorption-controlled.
The kinetics of CO2 adsorption shows two distinct processes (one fast and one slow), based
on the double exponential model, which helped describe the adsorption mechanism as

diffusion controlled.
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Based on the above, it was evident that using CO: as the treatment gas for the torrefaction
enhanced the torrefied carbons' physicochemical characteristics, which has been justified. The
advantage of using CO2 compared with other inert gases, such as nitrogen, argon, amongst
others, is a potential reduction in the cost of the CCS process. As a result, it is highly
recommended for COz2 to be utilised for torrefied carbon development for application in other
industrial processes in the future. Another supporting argument for CO: utilisation is that, it is
possible for the CO2 emitted from the stacks of boiler systems of coal-powered plants to be
effectively recycled for use in further development of the torrefied carbons, thus helps in
promoting the sustainability of such system and the use of renewable materials for CCS

applications.

6.4 Future work

Given the limitations experienced in this research, there is no doubt that additional work would
be required to fully justify the use of torrefied carbon for CO:2 capture and cofiring application
in the CCS process. Some of the suggested future work for the torrefied carbon sample

developed include:

Characterisation of the torrefied carbons at 0 °C to compare the case with the results obtained
in this work and the wider literature. This may enable the true porous character of the torrefied
carbon to be known; however, the overall trends in pore sizes are expected to remain the

same.

Also, given that the current work was based on the traditional torrefaction technique, it may be
worth demonstrating other types of torrefaction processes to compare the performance with
the current method. Additionally, some characterisation techniques, such as x-ray
photoelectron spectroscopy, pycnometer (for mechanical strength) and scanning electron
microscopy, may be employed to reveal more in-depth characteristics of the torrefied carbons,

as these were not utilised in this work due to the research constraints experienced.

As this study focused on using two woody biomass materials, it is also recommended that

other wood types such as waste woods and other forms of carbon materials are assessed for
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performance. This would enable comparison of their adsorption performance and strengthen
the sustainability of the proposed system and the intended dual purpose of the torrefied carbon

in this research framework.

Finally, given that the study’s initial framework was to develop a torrefied carbon for use in a
TSA process, it would be necessary to assess the performance of these materials under cyclic
adsorption performance to inform the behaviour of the entire system, thus completes the close-

loop approach intended.
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Chapter 7 : APPENDIX

7.1 - Excel calculation of the atomic ratio of the torrefied carbon fuel using
Equation 3.11.

i_ 1.4125 <O>+05004
c C :

A B C D ; f G H

1

2

3 Sampe C H N 0 0 HIC  HIC=1.4125 [O/C] + 0.5004
4

5 R®0 6649 43 029 2747 0397  1.060739101 1.060739101
6 R¥O 679 44 032 2741 0403444 1.070264054 1070264954
7 R0 6712 449 04 2799 0417014 1.089432703 1069432703
6 R290 5901 512 047 346 0369731 1.333394406 1333304408
9 UntreatedlR 4586 6.14 055 4745 1.034671 1.961672416 1961672416
10

11 SP380 7247 430 007 2252 0310749 0939333352 0939333332
12 SP30 7211 463 019 2307 0319926 092296142 0952296142
13 SP320 6373 569 021 3037 0476542 1.173515005 1173515005
14 §P290 0464 624 026 36686 0711201 1.504970627 1904970627
15 Untreated SP 4527 646 03 4797 1009642 1907144533 1907144533
16

17 Coal 00681 417 144 4358 0857700 1.711906561 1711906561
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7.2- Energy input of torrefaction using Equation 2.13

E(in) ZAHT X Q X t
Q = molar volume of COz2 gas (i.e., converted from ml min-! to kmol min-1)

Hence for CO2 volume flowrate of 200 ml min-t applied through the furnace, being considered
as an open system, the molar volume equivalent = 4.082 x 10% kmol min-1, as reported in

[148]
T
AHp = f c, dcC
25

Cp=a+bCp +cCp? + dCy®
Where
a=22.26 KJ (kmol.K)1, b =5.981 x 102KJ (kmol.K)1, c¢=-3.501 x 10-°KJ (kmol.K)1

d =7.469 x 10-° KJ (kmol.K)*

Carbon dioxide Torrefaction

AH (upper - lower] AHxQxt
oampe  CpT CpT  CpT  CpT Residence Time Gasflowrate  E(n)  Enthalpy
Condition (upper imit) (lower [imit) (upper) (ower)  t(mn)  Q(kmolmin)  KJ  change

290 290 2 0696.96 93763 60 4.06E-06  2.00E+00 6160.95
30 30 2 962214 53763 60 408E-06  227E+00 928451
10 30 390 2 109814 53763 60 408E06  256E+00 104436
1380 360 2 121749 33763 60 406E-06  289E+00 116373

L O e Oy L e L e —a

216



7.3 - Calculation for the HHV of coal, the untreated and torrefied carbon IR and
SP using Equation 3.14

HHV = 3.55C% — 232C — 2230H + 51.2CH + 131N + 20,600

A B C D
1
2 Calorific value
3 Sample Torrefied carbon Coal Untreated
4 Pre - CO2 adsorption HHV
5 (MJkg™) (MJkg™) (MJkg™)
)
7 IR290 23,859.29 23,203.00 18223.39
8 IR320 26,491.03 23,203.00 18223 39
9 IR350 26,759 61 23,203.00 18223 .39
10 IR380 26,890.69 23,203.00 18223.39
11
12 SP290 22 097 .83 23,203.00 17979 .28
13 SP320 26,138.15 23,203.00 17979 .28
14 | SP350 29 124 05 23,203.00 17979 .28
15 SP380 29,981.53 23,203.00 17979.28
16
17 Torrefied carbon
18 Post - CO2 adsorption HHV
19 (MJkg™) (MJkg™)
20
21 IR320 26782 .38 23,203.00 18223 .39
22 IR350 26855 .66 23,203.00 18223 39
23
24 | SP320 26211.42 23,203.00 17979.28
25 SP350 29, 562 70 23,203.00 17979 .28
26
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7.4 - Excel calculations of the torrefaction parameters, using Equations 3.5- 3.9

M
Mass Yield (MYy,) = M—fz x 100%
F1

Ey(Wt- %) = (MYqp) X (HHV;orrefiea /HHVyntreated )
Energy Density,E, = Ey/My

HHVtorrefied

Enhancement factor (Eg) = ————
HHVuntreated

[HHVtorrefied — HHVuntreated]

Massyntreated
F G H | J K L M N 0
Performance Parameters
mass balance
Sample  EY ED EF Untreated Torrefied Carbon Volatle MY MY EG
(wt. %) (> 1= gain) MF1(g) MF2 (g) (MF3) (%)
(+/- 10%) (Mf1 - MF2)
[R290 94372 1309267 131 16669 12159 0471 0721 7208 11076
[R320 81668 1453683 145 15064 0.89124 069516 0562 5618 10353
[R350 72687 1468421 147 16817 0.83252 084918 0495 495 92765
IR380 61223 1475614 148 1764 0732 1032 0415 4149 81297

SP290 67608 1229072 123 14922 1.0637 04285 073 7126 T19.172
SP320 60627 1453793 145 16147 0.8956 0.7191 055 5546 1019
SP350 54865 1619667 162 16343 0.5936 10407 0363 3387 97.343
SP3B0 54663 166756 167 1760 0.5386 12264 0305 3278 96.073
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7.5 - Adsorption isotherms of the torrefied carbons at temperatures (30, 40 and
50 °C)
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Figure 7-1- CO2 adsorption isotherm at three temperature for IR320 for the heat of adsorption
determination

0.6

0.5

0.4 4

0.3 4

0.2 4

adsorbed amount {mmolg™)

0.1+

0.0 4

T T T T T
0 200 400 600 800 1000
Pressure (mbar)

Figure 7-2- CO2 adsorption isotherm at three temperatures for IR350 for the heat of adsorption
determination
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Figure 7-3 - COz adsorption isotherm at three temperatures for SP320 for the heat of adsorption
determination
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Figure 7-4 - CO2 adsorption isotherm at three temperature for SP350 for the heat of adsorption
determination
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7.6 - Plots of Differential heat of adsorption for IR320 fixed coverage values —
(0.01 and 0.02)
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7.7- Plots of Differential heat of adsorption IR350 fixed coverage value (0.01 and
0.02)
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7.8 - Plots of Differential heat of adsorption SP320 fixed coverage value (0.01

and 0.02)
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7.9 - Plots of Differential heat of adsorption SP350 fixed coverage value (0.01
and 0.02)
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7.10 - Kinetic modelling of IR320 torrefied carbon at 50 °C
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7.11 - Kinetic modelling of IR350 torrefied carbon at 50 °C
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7.12 - Kinetic modelling of SP320 torrefied carbon at 50 °C
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7.13 - Kinetic modelling of SP350 torrefied carbon at 50 °C
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