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ABSTRACT

Carbon dioxide capture technology is gaining popularity owing to the environmental concerns and
deterioration of the climatic conditions related to atmospheric CO, emission. Of the candidate,
lignocellulose biomass samples have been considered a promising source for producing carbon-
based adsorbents that can be utilized to capture recalcitrant CO> from the post-combustion capture
facility. Recently, the removal of CO- using activated carbon (AC) has gained immense attention
owing to its environmentally friendly characteristics and low cost for synthesis. Conversely, with
the increasing population, the demand for coffee consumption is also accelerating. The generation
of coffee residues owing to the increased consumption would increase and demand effective
utilization and management. The research primarily focused on utilizing the waste generated from
the coffee industries, namely spent coffee grounds (SCG) and coffee husk (CH), to evaluate their
potential in synthesizing carbon-based adsorbents for CO. removal under the post-combustion
capture scenario and propose a cost-effective AC production strategy from lignocellulose-based
biomass. This study focused on investigating the influence of different thermochemical conversion
techniques on the physicochemical properties of biochar, followed by assessing the impact of
activation parameters and the effect of deep eutectic solvent (DES) on the physicochemical
characteristics of AC and the removal of CO,. Moreover, a techno-economic analysis was
performed to assess the economic feasibility of biomass conversion technology used to synthesize

AC. Overall, this study is divided into five research objectives with multiple sub-objectives.

The first phase of this research conducted a parametric study of the conventional torrefaction
technique. Inthis regard, SCG and CH were used as the lignocellulose-based precursor. The impact
of torrefaction parameter on the physicochemical transformation of biomass was examined by
varying each parameter (torrefaction temperature and reaction time) independently. The influence
of torrefaction conditions on the precursors’ physicochemical changes and structural
transformations were analyzed using diverse analytical techniques. This is followed by evaluating
the candidacy of the corresponding torrefied biomass samples towards CO> capture performance.
The physicochemical transformation of torrefied biomass samples mainly synthesized in severe
torrefaction conditions (300 °C and 1 h) demonstrated their candidacy for CO. removal. The
equilibrium CO; adsorption capacities of SCG-300-1 and CH-300-1 were 0.38 and 0.23 mmol/g,

respectively, at 25 °C of column temperature and in the presence of 30 vol% CO; in Na.



Comparatively, the torrefied biomass sample derived from SCG displayed superior CO> capture
performance under a similar capture scenario than CH derived torrefied biomass sample owing to

the textural properties and surface chemistry developed during the torrefaction process.

The findings from phase one raised numerous research questions. For instance, is it necessary to
study the thermal treatment of biomass at a temperature higher than 300 °C like undergoing slow
pyrolysis to elevate the removal of tar from the carbon matrix and accelerate the volatilization
reactions to generate biochar with enhanced textural characteristics and improved surface
chemistry for superior CO> capture performance? Furthermore, evaluating the kinetic and
thermodynamic parameters before performing a high-temperature thermal treatment (slow-
pyrolysis) is essential to obtain necessary information regarding the feedstock and the process
parameters. Hence, phase two implemented the kinetic and thermodynamic study of the slow
pyrolysis technique using SCG and CH. In this regard, the kinetic data of SCG and CH during
slow pyrolysis were obtained to fit the thermogravimetric data taken using the TGA-DTG
analyzer. The kinetic parameters were estimated using different iso-conversational methods
followed by estimating thermodynamic parameters. In this regard, the conversion technique using
SCG showed higher activity and would be efficient in terms of energy requirement as the
requirement of activation energy for SCG was low (90.4-141.7 kimol™) compared to CH (96.0-
162.1 kJmol™). Also, SCG can be identified as a superior lignocellulose-based precursor for further
valorization than CH in terms of physicochemical properties.

Appropriate utilization of biochar derived from slow pyrolysis of SCG could improve the overall
economics of the post-combustion CO. capture facility. In the third phase, the impact of slow
pyrolysis process parameters was assessed on biochar yield and specific surface area (Sger).
Secondly, this research aimed to elucidate the correlation of pyrolysis temperature as a critical
parameter with textural properties, surface composition, aromatic structure, and CO, mitigation
efficiency of SCG-derived biochar samples. The results demonstrated that biochar yield reduced
with the rising pyrolysis temperature, but biochar's textural characteristics, surface functionalities
and aromatic structure were positively correlated with the increasing temperature conditions.
Correspondingly, the impact of pyrolysis process parameters on biochar yield complemented the
findings of the second phase of this study. In this study, SCG-600 showed the highest equilibrium
CO2 uptake of 2.8 mmol/g in 30 vol% of CO (in N2) and 30 °C (column temperature). It was



evident that the well-developed textural characteristics and porosity, availability of basic surface
functional groups, and aromatic structure of SCG-600 influenced the CO, removal performance

owing to the enhanced acid-base interactions and the presence of VVander Waals force of attraction.

Treating the promising biochar sample derived from SCG at a higher temperature in the presence
of a suitable activating agent becomes necessary to improve the physicochemical properties of the
carbon-based adsorbent for improved CO> capture performance. Therefore, the fourth phase's main
objective was to optimize the two-stage CO> activation process of SCG-600 using the Box-
Behnken design (BBD) method. The impact of activation parameters (activation temperature,
holding time, and CO> gas flow rate) were investigated on surface area (Sger) and AC yield. In
addition, the influence of thermal pre-treatment techniques (torrefaction and slow-pyrolysis) for
the two-stage physical activation technique were evaluated and compared in terms of textural
characteristics and CO> adsorption performance. Further, the impact of tailoring the surface
functionalities of the pristine AC sample was evaluated using deep eutectic solvent (DES) and
compared with pristine AC (AC-CO) through complementary analytical techniques. CO-
breakthrough experiments were performed under different ranges of temperatures and CO>
concentration in N2 to investigate the influence on adsorption performance and selectivity. The
estimated highest equilibrium CO. uptake for two sets of ACs (pristine and DES-treated) were
4.34 mmol/g and 5.5 mmol/g, respectively, at 25 °C and 15 vol % of CO2 in N2. The DES-treated
AC displayed a superior adsorption capacity, selectivity, and regeneration ability due to a well-
developed porous structure, morphology, and availability of a wide variety of desired functional

groups that facilitated the CO- capture process under a simulated post-combustion scenario.

A comparative techno-economic assessment and sensitivity analysis were performed using
different AC production scenarios from SCG. The economic viability of the AC production
technique using SCG as the potential precursor was assessed based on the discounted cash flow
analysis (DCFA) technique. The minimum selling price (MSP) of AC samples derived from
different scenarios evaluated were US $0.15/kg, $ 0.21/kg, and $ 0.28/kg, respectively.
Comparatively, the MSP of DES functionalized AC was lower than commercial AC (US
$0.45/kg). A positive net rate of return (NRR) for all the production scenarios indicates that AC
production using dried SCG is profitable from an economic point of view. The sensitivity analysis
demonstrates that the feedstock cost and utility cost influence the MSP of AC production.
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Chapter 1 Introduction

1.1 Research Background

The global change in the weather pattern and climate deterioration has substantially motivated
controlling the carbon dioxide (CO2) emission into the atmosphere from large point industrial
sources (Fiuza-Jr et al., 2016). CO- is one of the principal greenhouse gases (GHGSs) contributing
substantially to climate change and global warming effects (Li et al., 2015). In the past decades,
global industrialization has amplified the consumption of non-renewable fossil-based solid and
liquid fuels, escalated greenhouse gas (GHGs) emissions in the atmosphere and the associated
anthropogenic activities, which are the subject of widespread public concern (Goel et al., 2015).
The Fossil-fuel processing units are considered the dominant contributors to the anthropogenic
emission of CO; at least until 2050. The plausible explanation for this emission could be the rapid
industrialization, explosive growth in population and exponential rise in demand for energy
consumption. If the emission increases at the same rate, it corresponds to a rise in average global
temperature by 4.1-4.8 °C by the end of the 21st century (Al-Wabel et al., 2019). It is estimated
that by 2030 coal-fired power generation facilities, mainly industrial and thermoelectric power
plants alone, will contribute to the increase in atmospheric CO2 emission by more than 50%
(Yadavalli et al., 2017). To prevent the rise in global temperature by more than 2 °C above the pre-
industrial age and to avert the severe environmental consequences and impact on the global
ecosystem, it is suggested to reduce the anthropogenic emission of greenhouse gases, mainly CO.,
by 2035 (Rashidi et al., 2014).

In this regard, numerous global efforts are being implemented to reduce and stabilize the
anthropogenic emission of CO., including promoting the usage of low-carbon based fuels,
renewable energy, and CO- capture and storage (CCS) technology (Yadavalli et al., 2017). Among
the available reduction techniques, CCS technology is an apparent and comprehensive technology
that can reduce the emission of CO2 by 90% from gigantic stationary sources, stabilize the density
of CO: in the atmosphere, and prevent the rise in global temperature. However, much effort is
essential to reduce the energy penalty and operation cost associated with the total cost of CCS.
Depending on the layout of the CO2 emission capture facility and the fuel type, carbon capture
facilities can be broadly categorized into three leading technologies: pre-combustion CO> capture
technique, post-combustion CO, capture technique, and oxy-fuel combustion CO, capture



technique. Among the CO> capture technologies, the post-combustion technique is a dominant
strategy that has gained immense popularity. It is the preferred CO2 removal technique owing to
its ease of incorporation and operation and can retrofit easily to an existing unit on a short scale
time. The leading post-combustion capture technology commercially includes a chemical
absorption technique using liquid amines. However, liquid amine-based technology possesses
multiple drawbacks, such as energy penalty associated with CO stripping, regeneration and
corrosion of equipment (Tiwari et al., 2018). Research efforts are implemented to investigate
alternative techniques to address the operational shortcomings associated with liquid amine
technology. In this regard, CO. adsorption on solid adsorbents such as activated carbon (AC) can
be proposed as a potential alternative to the chemical absorption technique. The use of AC has
multiple advantages, such as preparation from low-cost precursors (lignocellulose-based biomass,
municipal solid wastes etc.), robustness, thermal stability, tuneable textural properties and surface
chemistry, low energy penalty and ease of regeneration (Dilokekunakul et al., 2020). For effective
removal of CO. from flue gas composition, intensive research interests have been paid to preparing
adsorbents that should possess some essential characteristics such as high adsorption capacity and
selectivity over N2 and stability over multiple cycles of adsorption and desorption process.

Coffee is one of the most significant agricultural products and the second-largest commodity
exported worldwide after petroleum (Anastopoulos et al., 2017). The International Coffee
Organization reported a tremendous increase in the production of coffee in 2010, from 8.4 t0 9.1
million tons (Janissen and Huynh, 2018). Moreover, with the increasing world population, coffee
demand is expected to rise continuously. As a result of the growing demand and consumption of
coffee, a considerable amount of low value residues is generated worldwide. The primary coffee
residues generated mainly include coffee husk (CH) and spent coffee grounds (SCG). Discarding
coffee residues mainly in landfills presents a severe environmental challenge due to the release of
methane (CHa), a greenhouse gas, upon natural decomposition. Conversely, the coffee residues
generated could be valorized to produce value-added products. For instance, coffee residues (SCG
and CH) were used as the lignocellulosic precursors to synthesize carbon-based adsorbents,
biofuels and fertilizers that can be utilized for environmental remediation like CO> capture from
post-combustion capture facility (Janissen and Huynh, 2018).

To address the challenges and fulfil the knowledge gaps, this Ph.D. thesis proposes the
development of a low-cost and effective carbon-based adsorbent. This study presents a detailed
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impact of precursor type, thermal pre-treatment techniques and activation conditions on
breakthrough CO> capture performance in adsorption capacity, selectivity and regenaribility. In
addition, the overall economic viability of the biomass conversion technology to generate AC is

evaluated in terms of economic and sensitivity analyses.

1.2 Knowledge Gaps
To identify the knowledge gaps for this study, a comprehensive literature review was done, and

the following knowledge gaps were identified and outlined below:

. A comparative analysis investigating the impact of a conventional torrefaction parameters on the
physicochemical properties of torrefied biomass samples and CO> capture performance using SCG
and CH is scarce in the literature. Furthermore, a few studies have validated the experimental
findings of mass and energy yields with the simulated model developed using the Aspen-plus

simulation technique.

Minimal studies are available that comprehensively evaluated and compared the thermal
degradation pattern using different iso-conversional models and estimated the kinetics and

thermodynamics parameters of the slow pyrolysis technique of SCG and CH, respectively.

Evaluating the influence of operating parameters, physical and chemical properties of low-cost
lignocellulose biomass (SCG) on textural properties, surface chemistry, and aromatic structure of
biochar for breakthrough CO> capture performance is missing from the literature.

Examining the impact of AC production conditions from SCG using the Box-Behnken (BBD)
methodology is scarce in the literature. Comparative analysis of different thermal treatment
techniques (torrefaction and slow pyrolysis) for the two-step physical activation process is missing.
To the best of our knowledge, functionalized AC samples derived from SCG impregnated with
DES to examine their potential to capture CO> under simulated flue gas compositions are very
limited.

Study related to a comprehensive economic and sensitivity analyses study of the thermal
conversion of SCG as a potential lignocellulose-based precursor to synthesize AC is undetermined.
Comparing the overall cost of pristine and DES impregnated AC production from SCG with

commercially available AC require attention.



1.3 Hypothesis
The following hypotheses are outlined based on the knowledge gaps identified above:

The torrefaction of SCG and CH over a varied range of process conditions will reflect the
transformation in physicochemical properties and their suitability for CO. capture. Also, a
comprehensive torrefaction model of SCG and CH would provide theoretical information on the
change in mass and energy yield after the thermal treatment. The validation of the theoretical
findings with the experimental values are desirable to scale up the technology and bridge the gap

between academia and industry.

The thermal degradation pattern, kinetics, and thermodynamic analyses of SCG and CH using the
thermogravimetric analysis (TGA-DTG) technique would add value to comprehend the role of
precursors and pyrolysis process parameters on decomposition pattern as well as are crucial for
optimizing the thermal conversion technique. In addition, it would help to identify the promising
precursor for further high temperature valorization and application.

Understanding the role of surface chemistry on CO2 removal performance along with the textural
properties of the SCG derived biochar samples could shed light upon the interaction between the
CO2 molecules and the basic functionalities or aromatic structure in biochar under simulated post-
combustion scenario.

Optimizing the activation parameters using statistical tool could help comprehend the impact of
the process parameters on textural properties and total AC yield. Furthermore, it is anticipated that
the low-cost and non-toxic DES on AC's surface could help enhance the CO. capture performance
than pristine AC (AC-COy).

Assessing the economic viability of thermochemical conversion technology is necessary. Techno-
economic sensitivity analyses would help determine the economic feasibility of the overall multi-
stage thermal conversion of SCG to generate AC.

1.4 Research Objectives

The abundance of coffee residues generated from the coffee industries due to its increasing demand
and availability and the need for attention to environmental remediation by controlling the
atmospheric CO> emission using carbon-based adsorbents mainly AC as well as the necessity to

propose an economically viable thermochemical conversion technology is the motivation behind



this Ph.D. research. The underlying principle behind this research was to: undergo mild

(torrefaction) to the extreme (slow-pyrolysis) thermochemical treatment of SCG and CH to

synthesize torrefied biomass and biochar samples, undergo kinetic and thermodynamic study of

the slow-pyrolysis technique and compare the physicochemical characteristics of SCG and CH to

select the promising precursor to produce biochar, converting biochar derived from SCG to

synthesize AC and functionalize the surface of the pristine AC with DES and study the influence

on the removal of CO2 under post-combustion conditions. Finally, determine the economic

viability of the AC production from SCG. The Figure 1.1 presents the research objectives and sub-

objectives performed in this study. The objectives and sub-objectives executed in each phase of

this research work are outlined below.
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Figure 1.1: Schematic of different research phases of the thesis (phase 1-5).



Phase 1: To examine how torrefaction parameters effects the mass yield, energy yield, HHV,
physicochemical characteristics, and CO> capture capacity of corresponding torrefied biomass

samples.

Impact of torrefaction temperature and reaction time on SCG and CH were investigated in terms
of the transformation in the physicochemical properties in biomass samples through various
complementary analytical techniques.

Use of Aspen plus v12.1 (Aspen Plus®) to simulate, develop and validate the experimental mass
and HHV of the corresponding torrefied biomass samples synthesized over a wide range of
torrefaction conditions.

Use of the most promising torrefied biomass samples for comparative evaluation of CO2 capture

performance under simulated post-combustion conditions.

Phase 2: Conduct the kinetics and thermodynamic studies of the slow pyrolysis technique and

study the thermal decomposition pattern of SCG and CH using the Matlab®.

Characterize the feedstock in terms of physicochemical properties and correlate the thermal
degradation pattern during slow pyrolysis using a TGA-DTG analyzer with their physicochemical
properties.

Evaluate the kinetic parameters, including pre-exponential factor (Ao) and activation energy (Ea)
using different iso-conversional models and determine the thermodynamic parameters (AH, AG
and AS) at different conversions for SCG and CH, respectively.

Compare the thermochemical conversion efficacy of the precursors in terms of energy requirement

and physicochemical properties to select the promising precursor for further valorization.

Phase 3: To identify the potential of biochar produced through slow pyrolysis using SCG for CO>

removal.

Examine the influence of significant pyrolysis process parameters on biochar yield (wt. %) and
specific surface area (Sget) of the corresponding biochar samples.
Using complimentary analytical techniques, assess the impact of pyrolysis temperature on the

textural characteristics and surface chemistry of the corresponding biochar samples.



» Evaluate the impact of varying column temperatures and initial CO2 concentration on CO2 removal

performance and choose the promising biochar sample for further activation.

Phase 4: Examine the influence of activation parameters (activation temperature, holding time and
CO- flow rate) to optimize the specific surface area and total AC yield. This is followed by a
detailed CO> capture performance in presence of simulated flue gas composition under post-
combustion scenario.

» To examine the influence of activation factors on specific surface area and activated carbon yield

using the statistical tool (BBD) methodology.

» Comparative evaluation of thermal treatment techniques for two-step physical activation in terms
of specific surface area (Sger) and breakthrough CO- adsorption performance.

» Evaluating and comparing the influence of tailoring the surface of pristine AC with DES on the
physicochemical characteristics and CO> capture performance in terms of adsorption capacity,

selectivity, and regeneration study (multiple adsoprtion-desorption cycles).

Phase 5: Perform techno-economic and sensitivity analyses of AC production using SCG through

thermochemical conversion techniques.

> Design and simulate the conversion of SCG to produce AC through different scenarios and
perform the techno economic analysis (TEA) of different production scenarios derived from the
3" and 4" phases using the Aspen Plus® (v12.1) simulation tool.

» Conduct the sensitivity analysis of the AC production routes using SCG and execute a comparative
economic evaluation of the AC in terms of minimum selling price (MSP) with the data reported in
the literatures.

1.5 Organization of the thesis

The College of Graduate and Postdoctoral Studies (CGPS) provided guidelines for manuscript-
style thesis and is followed in this regard to format the manuscript-style thesis. The thesis starts
with an introduction and research background with literature review provided in chapters 1 and 2,
respectively. This is followed by highlighting knowledge gaps identified from a detailed
comprehensive literature review (as discussed in Chapter 2), hypothesis and research objectives

presented in Chapter 1. Chapter 2 (Journal of Environmental Sciences) has been published as a
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review article. It should be highlighted here that an extensive portion of this thesis consists of
published manuscripts. Therefore, the original manuscripts have been altered accordingly to
include in this thesis. The manuscripts described in Chapters 4 (ACS Omega), 5 (The Canadian
Journal of Chemical Engineering), 6 (The Journal of Environmental Chemical Engineering) and 8
(Energy and Conversion Management: X) were all published to peer reviewed journals. With an
intention for possible publication of Chapter 7 (The Journal of Environmental Chemical

Engineering) and is submitted to a peer reviewed journal (status: accepted with revision).
1.6 Manuscript content of the thesis

How all aforementioned research objectives have been addressed in this thesis are presented
below. However, the use of manuscript-style thesis structure and written format can cause in
overlap amongst parts of the research objectives and sub-objectives. Therefore, the introduction,
results and discussion parts are modified (either extended or simplified) in this thesis when needed

to minimise possible redundancies.
Chapter 2 is written based on the comprehensive literature review studied for this thesis.

Chapter 3 demonstrates in detail the experimental procedure including the precursor collection
and pre-treatment, materials used, set-up used and experimental procedure (CO; activation, DES
preparation, and impregnation of AC using DES) and CO; capture performance. Moreover, in
Chapter 3, analytical techniques used to characterise the precursors and the products (torrefied
biomass samples, biochar, pristine and DES functionalised AC samples) have been described. The
adsorption capacity and selectivity of the CO> capture performance are also mentioned in this
chapter. This is followed by highlighting the process safety analysis followed while performing
each experimental run (thermal treatments). Finally highlighting subsequent chapters based on the
research objectives and sub-objectives of this thesis.

Chapter 4 investigates how the process parameters influence physicochemical properties, mass,
and energy yield during torrefaction of SCG and CH. Furthermore, the influence of process
parameters in torrefied biomass samples was also assessed in terms of transformation in textural
characteristics, surface properties using complimentary analytical techniques and CO> capture

performance under simulated flue gas stream.



Chapter 5 compares the thermal degradation pattern of lignocellulosic-based precursor (SCG and
CH) undergoing slow pyrolysis at varying heating rates using a TGA-DTG analyzer. Furthermore,
kinetics and thermodynamic parameters were evaluated using different iso-conversional models,
and the thermochemical conversion efficiency of the precursors were compared in terms of
activation energy along with the physicochemical properties of the precursors to select the

promising precursor for further thermal treatment.

Chapter 6 purposes to select the best pyrolysis conditions to generate biochar with high specific
surface area and tailored surface chemistry for CO2 capture. This chapter investigates the influence
of pyrolysis process parameters on biochar yield and specific surface area on the corresponding
biochar samples. This is followed by examining the influence of pyrolysis temperature as one of
the crucial pyrolysis parameters significantly affecting the physicochemical characteristics of the
biochar samples derived from SCG using complimentary analytical techniques. Finally, examining
the influence of column temperatures and CO: concentration followed by comparing the CO.

capture performance of the biochar samples using flue gas composition.

Chapter 7 aims to select the optimized AC production conditions and investigates how activation
parameters, and their interactions could influence the specific surface area and AC yield during
the activation process using CO- as the activating agent. Furthermore, the impact of torrefaction
and slow-pyrolysis on two-stage physical activation was assessed in terms of textural properties
and breakthrough CO. adsorption performance. Finally, in this chapter, the impact of DES
impregnation on the change in surface and textural properties along with CO2 adsorption behaviour
was evaluated and compared with pristine AC in terms of adsorption capacity, selectivity and

regenaribility.

Chapter 8 aims to suggest a conceptual design for SCG valorization as one of the potential
feedstocks to synthesis AC. A detailed techno-economic assessment and sensitivity analysis of the
AC production routes were evaluated and compared to propose a cost-effective production strategy

and analyse the economic viability of the thermochemical conversion technology.

The overall conclusions of Chapters 4-8 are summarized and presented in Chapter 9 and provides
some possible research work as the future recommendations. The list of references used to undergo
this research is presented in the "List of References" section. The appendices section (Appendix

A-G) highlights the additional data and supporting information used in this study.
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Chapter 2 Literature Review

This section provides an overview of the thermochemical conversion and activation technologies
available to valorize the lignocellulose-based waste biomass for biochar and AC production to
capture recalcitrant CO». The unique properties of carbon-based adsorbents favourable for CO>
removal are also summarised. A review of different capture techniques, precursor types and
activation methods affecting the physicochemical properties of activated carbon and CO> removal

performance is also mentioned in this section.

Most of the content of this chapter have been published as a review article in the Journal of
Environmental Sciences. The permission to use the article in this thesis has been obtained from

the Elsevier as the journal holds the copyright as presented in Appendix G (Figure G.1).
Citation:

Mukherjee, A., Okolie, J. A., Abdelrasoul, A., Niu, C., & Dalai, A. K., (2019). Review of post-
combustion carbon dioxide capture technologies using activated carbon. Journal of

Environmental Sciences, 83, pp.46-63.

In addition, some portion of this chapter was presented at the following conference presentation

and 3 minutes thesis (3MT) competition provided in appendix A.
Conference Presentation:

Mukherjee, A., Niu C., & Dalai, A.K., "Review on the performance of activated carbons from
spent materials for carbon dioxide capture”, oral presentation at 71st Annual Session of Indian
Institute of Chemical Engineers (CHEMCON 2018), NIT-Jalandhar, India, December 27-30™,
2018.

Contribution of the Ph.D. Candidate

Alivia: Conceptualization, writing the manuscript, and responding to reviewer's comments. Dr.
Jude A. Okolie: Reviewing the manuscript. Dr. Amira Abdelrasoul, Dr. Catherine Niu and Dr.
Ajay K. Dalai: coordinated the manuscript preparation, provided comments and supervised

through discussions.
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2.1 Introduction

The 20th century has witnessed explosive growth in population and energy utilization. This trend
is likely to increase exponentially in the 21% century because of the rapid rate of industrialization.
Presently, about 85% of the global energy demand is supplied by petroleum-based solid and liquid
fuels such as gasoline, natural gas and coal (Nanda et al., 2016). Although fossil fuels have
amplified worldwide industrialization in the past years, the amplified consumption has resulted in
the increase of greenhouse gas (GHGs) concentration in the atmosphere, which is now a matter of
global concern (Goel et al., 2016). Over the past decades, the catastrophic impact on the global
economy and ecosystem due to GHGs includes a rise in global average temperature beyond the
normal from 0.6 to 1°C (Saxena et al., 2014). In addition, the increase in water level in the sea,
floods, and droughts have also become a severe threat to all people around the world, which needs
to be evaded (Rashidi and Yusup, 2016).

Among various CO; contributors around the globe, about 60% is credited to large stationary
emission sources, which include fossil-fuelled power plants, mainly thermoelectric power plants
and industrial plants, cement industries, iron and steel mills, petrochemical industries, gas
processing industries and refineries, that gratify diverse purposes such as generation of electricity,
transportation and industrial sector (Yaumi et al., 2017). The previously mentioned stationary
emission sources are considered the dominant contributor to the emission of greenhouse gases
(GHGs) because of the combustion of fossil fuels and will likely remain so for the next several
decades. For instance, electricity generation and agriculture and forestry account for 25% and 24%
of the total CO2 emissions (Yaumi et al., 2017). Additionally, due to its cheap and abundant nature,
coal is widely used in thermal power plants and is considered one of the major emission sources.
The emission can amount to 2249 1bs/MWh (Spigarelli and Kawatra, 2013). Figure 2.1 represents
the emission of CO> from different industrial sectors. Additionally, the conditions of a typical flue
gas stream emitted from the coal-fired plants and cement processes are also summarized and

presented in Table 2.1.
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Figure 2.1: CO2 emission from different industrial sectors (United States Environmental
Agency, 2018).

In 2014, the International Panel on Climate Change (IPCC) confirmed that global warming and
the associated climate change because of the greenhouse gas effect is caused by increased
anthropogenic activities. Humans are endangered by two significant problems in the form of global
warming and climate change caused by anthropogenic activities such as the release of carbon
dioxide (COz), nitrous oxide (N20), methane (CH4) and water vapour (H20) into the atmosphere
since industrialization (Lee and Park, 2015). At present, CO2 is 76% of the total source of
greenhouse gases (GHGs); because of the enormous amounts released into the atmosphere as the
by-product of the combustion of fossil fuels in power plants, it is found to be one of the most
predominant anthropogenic greenhouse gases (GHGSs) contributing to the global warming causing
detrimental impacts on both the environment and ecosystem conditions (Siqueira et al., 2017) .
According to the report by most world environmental organizations in May 2013, the alarming
increase of the average carbon dioxide (CO2) concentration in the ambient air from 120 to 400 ppm
volume (ppmv) from the beginning of the industrial revolution has become a primary contributor

towards global warming scenario (Rashidi and Yusup, 2016).
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Table 2.1: Flue-gas composition from coal-fired power plants and cement process (Rashidi et al.,

2016; Bosoaga et al., 2009; Granite and Pennline, 2002).

Components Concentration* Concentration* Kinetic diameter
(Coal-fired power plants) (Cement process) (nm)
N2z (Vol %) 70-80 0.364
CO2 (Vol %) 11-15 14-33% (w/w) 0.330
H20 (Vol %) 5-12 0.280
02 (Vol %) 3-6 8-14 % (v/v) 0.346
SOz (ppm) 200-4000 <10-3500 mg/Nm? 0.360
SOs (ppm) 0-20 --
NOXx (ppm) 200-800 0.317-0.340
CO (ppm) 50-<100 0.376
CHa4 10 0.380
Hg/As (ppb) 1-7 --
Flue gas process conditions
Temperature 25-180°C
Pressure 1 atm

* Before flue gas treatment-FGD and deNOx

The never-ending emission of GHGs gases like carbon dioxide (CO2) and methane (CH4) from
both mobile and fixed sources led to the enforcement of the Kyoto Protocol in 2005, which has the
sole purpose of reducing GHG to a minimum level in the atmosphere. The annual emission of
CO2 of 7 gigatons needs to be minimized by a factor of two-thirds by the end of this century. This
is required to mitigate the effect of CO2 on the environment in the coming decades (Stephens, J.C.,
van der Zwaan, 2005). This scenario has triggered intensive research, and countless organizations
are finding alternatives to reduce the CO> concentration to reduce its harmful impacts on the
rapidly changing climatic conditions (Gassensmith et al., 2011). CO, mitigation scenarios include
reduction in fossil fuel burning, energy efficiency optimization, zero and low carbon energy
supplies with carbon dioxide capture and storage units, renewable energy sources, and biological
sinks (Wang et al., 2011). However, the associated countries of the United Nations Framework
Convention on Climate Change (UNFCC) suggested that one of the unprecedented measures to
stabilize CO; in the atmosphere is to mitigate the CO, emission from large point sources of the
energy-related sectors. Hence, to address the devastating effects of global warming, capture

technologies of CO, from large point sources such as coal-based power plants, cement plants, and
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natural and synthesis gas processing plants before direct sequestration is identified as a mid-term
solution (Sengupta et al., 2015). In addition, the International Energy Agency (IEA) and the
Organisation for Economic Co-operation and Development (OECD) forecast that CO- capture and
storage (CCS) technology could contribute to the reduction of 14 vol% of CO2 emission into the
atmosphere (Lee and Park, 2015).

Carbon dioxide capture and storage (CCS) technology is an apparent comprehensive technology
that will allow the continuing usage of fossil fuels until renewable energy technologies mature and
can also stabilize the density of GHGs by 85% or more in the atmosphere. The basic concept of
CCS technology is to capture high-density CO2 emitted from industrial or energy-related sectors
before emitting into the atmosphere, followed by compression, transportation to a storage site and
sequestration or depositing it safely in the ground or ocean-bedrock sediment layer by a method
that will permanently isolate it from the atmosphere and monitoring it continuously and possibly
recycling the stored carbon dioxide for future use (Samanta et al., 2012). The CO. capture
technology for fossil fuel-powered plants is the core of CCS and is classified as pre-combustion,
post-combustion and oxy-fuel combustion capture technologies (Spigarelli and Kawatra, 2013).
Post-combustion capture technique provides retrofit options for existing large point source
emissions. However, the capture of CO> from fossil fuel-based power plants’ flue gas accounts for
three-fourths of the total cost of carbon capture and is one of the energy-intensive steps, and the
rest one-fourth is accounted for the transportation and storage. The CCS technology can reduce
the total cost of CO; capture, and to achieve mid-to-long-term CO; reduction approaches, cost-
effective capture in a relatively concentrated stream focusing mainly on fossil fuel-based power
plants and subsequent sequestration options need to be researched, keeping in view the progressing
energy demand globally (Mondal et al., 2012).

To date, a range of integrated post-combustion capture technologies has been designed and built
to mitigate the emission of CO; and the associated global warming problems by capturing it from
the flue gas mixtures such as membrane-based separation, cryogenic separation (Song et al., 2012),
physical and chemical absorption (amine scrubbing) (Spigarelli and Kawatra, 2013), solid
adsorption (physical and chemical) (Dantas et al., 2011), etc. Among these, chemical absorption
with an aqueous amine-based solvent such as MEA (mono-ethanolamine) is one of the current

benchmark technologies in terms of CO capture technologies because of its high process
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efficiency and has been performed in the industries for over 60 years (Ben-Mansour et al., 2016;
Shafeeyan et al., 2010). For several years, most of the commercial CO; capture facilities have used
amine-based chemical absorption processes with mono-ethanolamine (MEA) to remove carbon
dioxide from flue streams in natural gas, refinery off-gases, synthesis gas process and coal-based
fossil fuel power plants, which suffer from several shortcomings, including the requirement of
enormous energy and cost for solvent regeneration, equipment corrosion and degradation of
absorbent. Thus, the energy penalty associated with the absorption of CO2 using amine is the
leading technology challenge associated with it (Rashidi and Yusup, 2016). On the other hand,
industrialists do not generally consider cryogenic distillation because of the considerable energy

and cost the process demands.

Due to operational challenges and technical shortcomings associated with the existing
technologies, adsorption is considered the emerging alternative to the current technology by
several research groups. Adsorption using solid adsorbent allows exploring various solid sorbents
prepared from inexpensive and abundantly available precursors making the CO> capture set-up
cost-effective (Sengupta et al., 2015). But the goal is to prepare easily regenerable and durable
solid sorbents by incorporating foreign particles to make the adsorption-mediated separation and
capture of CO, from flue gases a cost-effective and successful approach on an industrial scale than
the current technologies. Nowadays, arduous research focuses on the preparation of efficient CO-
adsorbents such as activated carbon (AC) (Alabadi et al., 2015), zeolites (Akhtar and Saidina
Amin, 2012), metal-organic frameworks (Wu et al., 2010) and nitrogen-enriched microporous
polymers. Carbonaceous materials such as activated carbons are very competitive among these
adsorbents. They are considered a promising porous motif because of their advantages, such as
large specific surface area, wide availability, high thermal stability, and good chemical resistance
(Dodevski et al., 2017).

Activated carbon (AC) offers tuneable textural characteristics crucial for CO> capture from flue
gas streams under the post-combustion scenario. Additionally, AC demonstrates excellent
potential in providing a wide variety of surface functional groups favourable in the adsorptive
process. The purpose of activation is to modify the textural properties of carbon-based precursors
through opening new pores or changing the existing pores. Furthermore, activation can alter the
surface chemical nature of AC with specific unique characteristics. Understanding the influence
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of both textural properties and surface chemistry is crucial as the physicochemical properties of
AC influence the adsorption capacity. However, many investigations have been reported
demonstrating the role of textural properties in terms of specific surface area on CO adsorption.
Activation techniques are broadly categorized into two main methods based on the activating
agents used: physical and chemical activations. Both physical and chemical activation techniques
are performed to modify the textural and surface properties and exert significant influence on the
properties of carbon-based materials. In general, physical activation of biochar is performed at a
higher activation temperature (>700 °C), and it consists of oxidation of carbon-based material in
the presence of oxidizing agents such as air, steam (H20) or CO2. Among the oxidizing agents,
CO:. is often favoured owing to its lower reactivity at higher activation temperature, rendering the
activation process easier to regulate (Firdaus et al., 2021). Moreover, CO; activation has displayed
the potential of developing narrow micropores in the early stage of the activation process, unlike
steam activation, which owing to its higher reactivity, enhances the broadening of micropores. On
the other, chemical activation comprises several steps, including one thermal treatment of the
precursor with several chemical approaches, including impregnation, and washing. Different
activation agents have been studied traditionally in the literature, such as potassium hydroxide
(KOH), phosphoric acid (H3zPOs) or zinc chloride (ZnCl2). Among the chemical activating agents,
NaOH and KOH have been the most preferred chemical agents used to modify the surface
(Shahkarami et al., 2015a). Most recently, Rashidi and Yusup (2016) reviewed the current
performance of the AC for CO> capture in relation to activation techniques and CO> adsorption
capacity. However, the paper was focused on post-combustion CO; capture by AC and did not

provide a comparative analysis of the three CO> capture technologies together.

Biomass can be transformed into value-added products like biofuels, green chemicals and solid
adsorbents owing to its abundant availability and interesting inherent physicochemical properties.
For instance, coffee is one of the significant agricultural products and the second-largest
commodity exported worldwide after petroleum (Anastopoulos et al., 2017). With growing
demand and consumption of coffee, low-value residues are generated and are usually discarded in
landfills in Canada. The primary coffee residues generated mainly include coffee husk (CH) and
spent coffee grounds (SCG). Conversely, the coffee residues generated could be valorized to
produce value-added products through thermochemical conversion pathways. Also, coffee

residues (SCG and CH) were used as the lignocellulosic precursors to synthesize carbon-based
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adsorbents, biofuels and fertilizers that can be utilized for environmental remediation like CO>
capture from post-combustion capture facility (Janissen and Huynh, 2018). In this regard, biomass
can be transformed through various thermochemical conversion techniques (e.g. torrefaction,
pyrolysis and activation) (Okolie et al., 2021a). The thermochemical pathway uses heat and
chemical energy to decompose biomass compounds and organic waste into sustainable fuels.
Thermochemical conversion routes have several advantages, such as short residence time, high
conversion efficiency and the ability to use several lignocellulose-based feedstock that are
abundant and cheap, making the valorization pathway cost-effective (Okolie et al., 2020a).
Compared to all other thermochemical conversion techniques, torrefaction and slow pyrolysis is
of interest for this study and could be attributed to the following reasons. Firstly, torrefaction and
slow-pyrolysis of biomass feedstock generate solid residue, also known as torrefied char and
biochar, and the aqueous phase also referred to as bio-oil and non-condensable gas (mainly syngas)
in an inert environment (mainly in the presence of N2) without the usage of sophisticated
equipment or costly chemicals. The thermochemical conversion pathway is primarily influenced
by different operating factors but mainly by the feedstock type, pyrolysis temperature, heating rate
and reaction time (Mishra and Mohanty, 2018). The products generated from pyrolysis, mainly
biochar, can be readily used to substitute fossil-based energy sources owing to their longevity and
ease of transportation, making them a highly attractive alternative for generating clean fuel,
especially for environmental-related issues (Hu et al., 2016). In addition. The solid by-products
derived from torrefaction and slow pyrolysis are also used to produce solid adsorbents that are
mainly explored for environmental remediation. For instance, biochar derived from slow pyrolysis
of lignocellulose biomass has been used to synthesize AC for CO, removal (Shahkarami et al.,
2015b). In this regard, the production of AC from lignocellulose-based biomass through different
thermochemical conversion pathways would be an economical approach as it will also allow the
usage of abundant and cheap precursors that are usually discarded in a landfill.

Despite the popularity of this topic and the vast importance of GHGs reduction to our environment,
limited studies have been reported on the advantages and limitations of the three major CO>
technologies. This provides a current understanding of the three leading present carbon dioxide
capture technologies and the unattended challenges associated with post-combustion capture
technology. This review discusses existing post-combustion capture technologies from large point

source emissions. Despite the extensive laboratory works and theoretical studies on post-
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combustion technology, there is no full-scale, cost-effective, and energy-efficient
commercialization of this process in progress. Hence, there is a need to critically evaluate the
techniques based on previous studies and existing literature and provide recommendations for
further improvements. Different types of post-combustion carbon capture technologies such as
adsorption and absorption are also detailed in the remaining portion of this study. Additionally,
this review updates the recent performance of ACs as an efficient solid adsorbent in the post-
combustion capture technology regarding surface modification, textural properties, and adsorption

capacity are limited literature reviews available on them.
2.2 Carbon dioxide capture technologies

CO- capture is the core of CCS technology. Depending upon the configuration of a fossil fuel-
based power plants, COz partial pressure and gas stream pressure, three approaches are envisaged
by which COz can be trapped and sequestered. Figure 2.2 presents an overview of the three main
technologies for carbon dioxide capture. Referring to Figure 2.2, the CO> capture technologies are
classified into three main capture technologies as pre-combustion, post-combustion and oxy-
combustion CO capture technologies (Kanniche et al., 2010). As the name implies, pre-
combustion involves the capture of CO. in the synthetic gas or fossils before combustion is
completed, and the fuel is converted into a mixture of H> and CO (Syngas). It is mainly employed
in integrated gasification combined cycle (IGCC) plants, fertilizer, or hydrogen production plants
(Samanta et al., 2012). The separation process utilizes low-cost physical solvents such as rectisol,
exploiting a moderate amount of energy compared to post-combustion capture (Mondal et al.,
2012). In the pre-combustion process, the fuel conversion process prior to combustion is a more
complex process and demands a considerable cost (Ben-Mansour et al., 2016). While in the post-
combustion process, the CO> is captured in the flue gas after the combustion of fuel is completed.
Whereas, in the oxy-fuel combustion process, fuel is combusted in a mixture of highly purified
oxygen (> 95%) and recycled flue gas to produce a mixture of CO2 and water vapour ready for
sequestration (Buhre et al., 2005). The process demands substantial energy to separate oxygen
from the air. Among all the current technologies, post-combustion carbon capture is a feasible
capture technology because it can be applied to the existing emission technologies without
employing significant changes to them. The Table 2.2 represents a comparative analysis between
pre-combustion and oxy-fuel combustion CO- capture technologies.
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Table 2.2: Comparative
capture technologies.

analysis of pre-combustion and oxy-fuel combustion carbon dioxide

CO:z2 capture
technologies

Advantages

Disadvantages

The process enables the production of
carbon-free fuel and CO, capture at
high-pressure conditions.

The process has a limitation of
high cost and greater risk.

Pre-combustion

A wide range of hydrocarbon fuels such
as petroleum, coal, natural gas, and
biomass can be used.

capture technology

Syngas, the main product of pre-
combustion capture, can be used in a
combined cycle to generate power or as
feedstock for synthesizing a wide range
of chemical

The process seems complicated
due to the mandatory requirement
of the Fuel conversion before the
combustion into syngas.

The process allows the production of a
very high purity CO2 stream. Compared
to other CO2 removal technologies, it is
easier to purify the stream once trace
contaminants have been removed.

High capital cost requirements
are significant because of the
need for a considerable amount of
electric power required to
separate oxygen from the air.

Oxy-fuel combustion
capture technology

There is a substantial reduction in NOx
emission  during  the  oxy-fuel
combustion process.

Aside from the advantages this poses to
the environment, a decrease in NOx also
reduces the exit gas flow rate,
significantly reducing all equipment's
size and capital cost.

There are a lot of risk and safety
issues related to  oxygen
management and its effect on the
boiler.

In terms of flexibility in design and
operation, oxy-fuel combustion has the
potential for storage of energy through
cryogenic liquids, and it is also non-
intrusive in the steam turbine cycle
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2.3 Current state in post-combustion capture technology

The post-combustion involves the capture of CO> from treated flue gas and is widely deployed in
the chemical processing industries. The post-combustion capture technology can be retrofitted to
the existing large point source of fossil fuel power plants, cement manufacturing industries, or
refineries. These are the primary source of CO2 emission in the atmosphere. It mainly uses wet/dry
adsorbents and the principle of adsorption/desorption to collect and capture carbon dioxide. In
post-combustion capture technology, the exhaust stream is treated before combustion to reduce the
concentration of secondary species in the flue gas, such as nitrogen oxide (NOXx), sulphur oxide
(SOx), water vapour and particulate matter as it might significantly affect the operation, even if
present in dilute concentrations (Spigarelli and Kawatra, 2013). The capture plant is often located
between the stack and the flue gas desulfurization unit. At this point, flue gases are maintained at
near atmospheric pressure and temperature in the range of 50-150 °C (Chen et al., 2013) and
represent between 10% and 15% by volume of CO. concentration (Hornbostel et al., 2013). CO:
from conventional thermoelectric power plants is often subjected to post-combustion capture. The
fuel is burned to produce a flue gas and the subsequent compression, transportation and separation
or sequestration of CO> from the flue gas. The Figure 2.2 shows how the flue gas from a coal-fired
plant is treated using post-combustion technology. The hot flue gas is made to flow through an
electrostatic precipitator (ESP) after leaving the boiler. At the ESP, most of the large particulate
matter is removed. After leaving the ESP, the gas is sent to a flue gas desulphurization (FGD),
where a limestone slurry contractor is used to absorb SO. gas to meet the local environmental
specification. Carbon capture technologies such as adsorption, absorption or membrane separation
are applied to treat the flue gas in order to remove the CO» from the flue gas exiting the FGD unit
(Merkel et al., 2010).

Despite the number of advantages, the process must overcome the technical challenges before
implementation on a commercial scale can become a reality. Researchers are putting in arduous
efforts to address the technical challenges associated with it to make the CO2 capture technology
efficient in terms of cost and energy. The Table 2.3 provides an insight into the advantages and

disadvantages of post-combustion CO> capture technology.
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Table 2.3: The advantages and disadvantages of post-combustion carbon dioxide capture technology.

SI No.

Post-combustion carbon dioxide capture technologies

Advantages

Disadvantages

Reference

Most easily applied technology for existing
sources of emissions. Considered one of the
essential green and economical technologies

Require the development of efficient
adsorbents (dry) for relatively concentrated
streams to make it more efficient in terms
of cost and energy.

(Mittal et al., 2015)

An effective means of reducing the density of
greenhouse gases can be applied to existing
power plants after retrofitting

Limited availability of ideal sorbent for
post-combustion carbon dioxide capture

(Hornbostel et al., 2013)

Compatible with retrofitted combustion
technologies without radical changes in them.

(Tiwari et al., 2017)

Its maintenance does not require stopping the
operation of the plant and can be regulated or
controlled easily.

The additional energy required to compress
the captured carbon dioxide, the need for
treatment of high gas volumes as to the
partial pressure, and the concentration of
carbon dioxide is low in the flue gas, the
enormous energy requirement for the
regeneration of sorbent, e.g., Amine
solvent.

(Ben-Mansour et al., 2016)

Post-combustion capture technology has
higher thermal efficiency for conversion to
electricity

(Mondal et al., 2012)

Development of suitable solid adsorbent to
make the process effective

(Titinchi et al., 2014)

In  post-combustion CO;
applications, the gas mixture

capture
to be

(Zanco et al., 2017)
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separated is composed predominantly of
CO2/H2 and CO2/N2,  respectively.
However, the presence of other secondary
species is inevitable and can significantly
affect the separation, even if present in
dilute concentrations, so pre-treatment of
the flue gas is a must

The use of activated carbon (AC) as one of the
adsorbents makes the process environmentally
friendly.

In  post-combustion, the operating
temperatures are low. As a result, the
appropriate solid adsorbents that can be
used for this purpose are limited to
activated carbon and zeolites, as these
adsorbents belong to the low-temperature
application.

(Rashidi and Yusup, 2016)

It is widely believed that post-combustion
technologies present the most significant near-
term potential for reduction of CO2 emissions
because they can be retrofit to existing fossil-
fuelled power plants and may be applied to
other industrial emitters of CO; as well (e.g.,
the cement industry and iron and steel
production)

The CO; is captured from low pressure
(1 bar) and low CO2 content (3—20 vol%)
gas streams, often at high temperatures
(120-180°C) containing the impurities
SOx and NOx

(Spigarelli and Kawatra, 2013)

10.

These technologies have the most significant
potential for reduction of CO, emissions in the
short term

(Bonaventura et al., 2017)
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2.4 Overview of the ongoing research in post-combustion carbon dioxide capture technology

Several separation technologies for CO2 post-combustion capture from flue streams have been
investigated and developed to mitigate the harmful effects of global warming. In terms of the
mechanism, generally, they are categorized as wet/dry absorption (Aaron and Tsouris, 2005),
membrane separation (Lv et al., 2012), cryogenic distillation (Chapel et al., 1999), microalgal bio-
fixation (Pires et al., 2012), condensed centrifugal separation and dry adsorption (Aaron and
Tsouris, 2005). CO» separation on a large scale is an essential task in many industrial processes.
For instance, for the scrubbing of CO> from petroleum industries, the post-combustion amine-
based solvent systems, mainly mono-ethanolamine (MEA) are commercially used. Capturing CO>
using physical or chemical absorption technology is a process whereby slightly acidic carbon
dioxide is embedded from flue gas into amines-based solvents to form dissolved carbamates and
bi-carbamates by chemical means until equilibrium is reached. Chemical absorption utilizes mono-
ethanolamine (MEA) and other amine-based solvents such as diethanolamine (DEA), tri-
ethanolamine (TEA) diglycolamine (DGA), N-methyl diethanolamine (MDEA), and 2-amino-2-
methyl-1-propanol (AMP), glucosamine (GA) to dissolve CO; and the selection of the alkanol
amines are done based on their ability to absorb CO2 over the other gases such as nitrogen, oxygen
or other flue gases (Aaron and Tsouris, 2005). According to the available works of literature, the
amine-based regenerative chemical absorption process appears to be the most suitable method to
treat large emission volumes from combustion, generating a concentrated CO» stream for

requisitioning with almost 98% efficacy and is very useful for changing the density of CO..

Though the absorption technology uses amine-based solvents in capturing COy, it provides plenty
of disadvantages in terms of a substantial amount of energy requirement for solvent regeneration,
making the process a large consumer of auxiliary power and thus cost more (Gonzalez et al., 2013).
Additional method challenges often encountered include heated absorbents, materials erosion,
slow solid-gas reactions, high corrosion, high energy intensity and amine degradation either
through oxidative or thermal degradation (Mittal et al., 2015). In addition, the potential of the
amine compounds to degrade and accumulate in the solvent phase results in insufficient CO>
absorption capacity and kinetic rate. Therefore, it demands a regular injection of fresh absorbent,
which increases operating cost. Additionally, the high volatility of the amine compounds could
lead to the evaporation of a large portion of the chemical and water, which may enter the cleaner
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flue gas, thereby releasing amines (as gas and liquid) and accordingly impact the ecosystem during
the heating process (Ogungbenro et al., 2017). A wide range of potential materials and
technologies for CCS applications has been suggested and explored to overcome the limitations of
traditional chemical adsorption techniques.

Selective membrane separation of CO2 involves the use of polymer or ceramic-based material or
mixed matrix membranes to filter out the CO, gas faster at elevated pressure produced from a
polymer such as a polyaniline (llling et al., 2001) or polyethylene oxide (Lin and Freeman, 2004)
ceramics or combination of both types of materials to allow successful permeation of CO; to the
shell side along with their configurations specially designed for CO2/H, and CO2/N2 selectivity in
the flue gas. The separation of the gases relies on the nature of the membrane's physical and
chemical properties, the diffusivity of gas molecules in the membrane and the gradient in partial
pressures of gases (Yang et al., 2008). Membrane-based separation provides ease of operation with
low energy consumption as its brighter side. On the other hand, the cryogenic CO, separation
technique is based on liquid state temperature and pressure gradient in each gas present in the flue
gas. COz is cooled and condensed in this technique, thereby removing flue gases from the stream.
Its initial investment is low and highly reliable as one of the post-combustion capture technologies.
However, challenges are still there in applying these techniques on a large industrial scale.
Cryogenic separations become unsuitable for the post-combustion method because of the vast
number of impurities and incondensable gases in the flue gas coupled with the reduction in
pressure of CO> at the post-combustion exhaust from coal/natural gas-fired boilers (Kanniche et
al., 2010). Also, cryogenic distillation is not preferred by the industrialists because of the high

energy consumption for refrigeration, which makes the process uneconomical for large plants.

Recently, there has been renewed interest in research areas about new post-combustion capture
processes (Raynal et al., 2011). Some challenges, such as the high cost of post-combustion
methods and the selection of appropriate techniques with lesser technical challenges to separate
CO; from the flue gas, have been studied to provide maximum CO: separation and lower the
capture cost. For repeated use, adsorption on porous solid adsorbents using pressure (PSA) or
thermal swing approaches (TSA) for the removal of CO, from a mixture is considered a
competitive post-combustion capture mechanism and a promising alternative to the amine

scrubbing process that has been explored in the industry (Saxena et al., 2014). The adsorption
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process is significant because it is reversible, and the adsorption efficiency can be improved by
functionalizing the surface of the adsorbent materials (Saxena et al., 2014). Adsorption is
considered as one of the emerging cost-effective options for CO> separation due to its advantages
like reduction in regeneration energy requirement either by thermal or pressure modulation mainly
attributed to the absence of amounts of water, effective in the dilute gas mixture, increased CO;
carrying capacity, ease in terms of handling over a relatively wide range of temperatures and
pressures, faster reaction rates and minimum pressure drop (Leung et al., 2014). In addition, the
adsorption system is attractive since it can reduce the total maintenance requirements with reduced
secondary waste generation and long-term stability, owing to the lower heat capacity of adsorbent
compared to water and evading moisture removal from flue gas (Shafeeyan et al., 2010). However,
the success of such an approach will depend on some imperative factors such as (i) ease of
regeneration of adsorbed CO., (ii) durability of adsorbent, (iii) selectivity of adsorbent for CO»,
(iv) adsorption capacity and (v) stability of adsorbent once several adsorption/desorption cycles
are carried out (Ben-Mansour et al., 2016). Table 2.4 provides a comparative analysis of the

different available techniques for post-combustion CO; capture technology.
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Table 2.4: Different post-combustion carbon dioxide capture techniques.

An up-and-coming technology for the
cement industry due to heat recovery

Post-combustion carbon dioxide capture techniques Capture Reference
Efficiency
Chemical solvent scrubbing (CO2)
Advantages Disadvantages

Maturity of technology High thermal energy demand for solvent

regeneration

- — 90% (Yang et al., 2008)

High capture efficiency Cost of solvent
Regeneration of solvent possible Equipment corrosion

Emissions related to solvent degradation.

Physical adsorption
Reversible process Cooling and drying of the flue gas
Adsorbent recycling possible High energy demand for CO> desorption
yeling p gh energy 2 eS0rp 55-02% | (Mondal et al., 2012)

High adsorption efficiency (> 85%-mainly | High adsorbent temperature
with PSA)
Resistant to long-term use Influence of SOx and NOx on sorbent

performance

Calcium looping

Low energy efficiency loss (4—7%) Attrition depending on raw meal/limestone

hardness >70% (Dean et al., 2011)

Membrane separation

The process has been adopted for the
separation of other gases

Influence of minor components (i.e., water, SO5)
on gas permeation performance
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High separation efficiency is achievable

High cost and high energy demand of
compression equipment

Limited CO; purity and demand for large facility
area

Up to 90%

(D'Alessandro et al.,
2016)

Biological capture with algae

Oil produced can be used as biodiesel or coal
replacement

Need of process up-scaling to industrial level

Economically competitive compared to other
capture technologies.

Creation of algae products and markets

(Packer, 2009)
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2.5 Criteria for selecting carbon dioxide capture adsorbent

The capture and separation of CO, from a large volume of combustion gases are still expensive
and characterized by colossal energy consumption; therefore, it is invaluable to develop efficient
adsorbents for relatively concentrated streams to reduce the overall cost of the adsorption process.
Presently, for post-combustion capture from large point sources, no ideal sorbent is available yet
due to various shortcomings associated with low CO> capture capacity or selectivity under realistic
pressure conditions or high cost, slow kinetics, and sensitivity to moisture. Hence, research studies
are being geared toward developing advanced sorbents with lower regeneration energy, high
adsorption/desorption rates and better stability for the cost-effective performance of adsorption
(Rashidi and Yusup, 2016). There have been many different carbonaceous (activated carbon,
carbon nanotubes) and non-carbonaceous solid adsorbents (zeolites, metal-organic frameworks,
metal oxides-based adsorbents) available to remove CO> in post-combustion separation processes
(Hedin et al., 2010). According to the literature, these sorbents have been successfully and vastly
utilized for pressure swing adsorption (PSA), which has recently proven to be a promising
technology even with low-cost technologies such as amine scrubbing. The adsorbents of CO-
should meet the following requirements: (i) high CO2 uptake, (ii) high adsorption rate, (iii) high
selectivity against other molecules (i.e., N2) competing for adsorption sites, (iv) easy regeneration
without any significant cyclic performance loss, (v) low operational cost and high availability, (vi)
stable adsorption capacity of CO. after repeated adsorption/desorption cycles, (vii) adequate
mechanical strength, (viii) high specific surface area, (ix) relevant pore size distribution and (x)
tolerant towards moisture and impurities. For instance, non-polar adsorbents like activated carbon,
the van der Waals forces with bonding energy between 5 and 10 kImol™ are dominant, and the size
and polarizability of adsorbate and pore size distribution of adsorbent (ultra-micropore or micro-

pore) are the main factors for enhanced CO, removal performance.
2.5.1 Potential of activated carbon as carbon dioxide separator

In post-combustion capture, adsorbents capable of performing at low-temperature conditions are
preferred because the operating temperature ranges from low to moderate and pressure is
maintained at atmospheric pressure. Activated carbon has been widely recognized as a potential
adsorbent for low temperature recalcitrant CO2 capture. This is attributed to the large specific

surface area and small pores in the range of micropores or ultra-micropore. Compared with other
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carbonaceous adsorbents such as zeolite, the AC has been deemed a superior adsorbent for CO;
separation from the flue gas stream and could be attributed to its hydrophobicity that will avert the
extra step of moisture removal before CO, adsorption. Also, AC is an excellent choice as
carbonaceous adsorbents. They exhibit unique features, including superior CO. adsorption
capacity, selectivity, and stability in adsorption—desorption cycles and low adsorption and
desorption temperatures (below 373K). Moreover, high resistivity to alkaline and acidic
conditions, an effective porosity network that assists in the adsorption process and gas diffusion
into the interior side of AC, and ease in modification in terms of surface chemistry and
physicochemical characteristics via pre- or post-modification method, aside from their low cost
(Chenetal., 2013).

The adsorption capacity/quality of activated carbon depends significantly on the source of the
precursors. The carbonaceous materials from non-expensive sources must possess a significant
amount of carbon along with low ash and important volatile matter. This is because, during the
heat treatment, the evolution of contained volatile matter will help form pores on the surface of
activated carbon (Rashidi and Yusup, 2016; Herawan et al., 2013). A wide range of renewable,
inexpensive carbonaceous precursors ranging from waste biomass (agricultural waste, wood,
leaves, bagasse, various seeds, etc.), biochar, coal, and petroleum pitch to waste material such as
scrap tires can be explored to prepare activated carbons (Serafin et al., 2017). Among all, biochar
seems to be a promising candidate. It is highly desirable because it is highly porous and contains
substantially fixed carbon which can be further processed (carbonized/activated) to produce
microporous AC. Therefore, the selection of proper precursors before the preparation of activated
carbon is essential since the composition of the material structure, such as carbon, hydrogen,
nitrogen, oxygen, and sulphur, influences the physicochemical properties of the synthesized
activated carbon. In addition, the origins of the raw material also play a significant role in the
properties of activated carbon. Table 2.5 shows the ultimate and proximate analyses of different

precursors of the activated carbon materials.
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Table 2.5: Proximate and ultimate analyses of lignocellulose-based biomass for activated carbon production.

Precursor Proximate analysis (wt. %) Ultimate analysis (wt. %) Reference
Moisture | VM Ash FC* c H N S Oo*

Canadian pinecones (type I) 7.54 74.2 1.42 168 | 46.7 | 59 | 030 | 0.08 | 7.5 (Jain et al., 2014)
Canadian pinecones (type 2.66 71.12 1.89 |24.33|49.48] 6.05 | 0.52 | 0.09
)
Petroleum coke 8.50 765 | 15 1.8 6.5 55 (Rambabu et al., 2015)
Cotton stalks 4.7 74.6 4.6 16.1 | 452 | 6.3 1.2 03 | 178 (Xiong et al., 2013)
Macadamia nutshell 10 71 0.4 186 | 575 | 5.9 0.3 | 0.06 | 36.2 (Bae and Su 2013)
Raw coconut shell 1.91 50.08 | 6.02 | 0.05 | 0.62 | 43.23 (Rashidi et al., 2014)
Barley straw 77.2 5 173 | 454 | 6.1 0.7 | 0.07 |41.92 (Pallarés et al., 2018)
Coconut shell 50.08 | 6.02 | 0.05 | 0.62 | 43.25 (Rashidi et al., 2013)
Coconut fibre 4586 | 5.72 | 0.42 | 0.61 | 47.40
Olive stones 85.4 0.6 14 (Plaza et al., 2014)
Almond shells 82.3 1.3 16.4
Spent coffee grounds 82.9 1.3 56.4 | 7.0 | 26 34 | 56.4 (Plaza et al., 2012)
Luscar char 83.7 3.76 0.11 | 78.34] 2.07 | 0.85 | 0.01 | 5.14 | (Azargohar and Dalai, 2005)

*FC (calculated by difference): 100 — (M + VM + Ash) wt.%, *O (calculated by difference): 100 — (C + H + N + S + Ash) wt.%.

Here, Moisture is denoted as M; Volatile matter is denoted as VM; Fixed carbon is denoted as FC.
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From Table 2.5, it is evident that Macadamia nutshell, Canadian pinecones (type I and Il), Barley
straw and Cotton stalks among all can be the suitable precursors for the preparation of AC,
formerly in terms of the high volatile matter content of approximately in the range of 71-74.6 wt.
%. Extensive research has shown promising results in the post-combustion capturing CO- by using
activated carbon at different temperatures and pressure. Both synthetic and natural adsorbents have
been used for this process. AC has attracted much attention for capturing CO, from the post-
combustion process because of its aplenty, inexpensive precursors, ease of separation, and a wide
range of pH coupled with its high porosity and large surface area and adsorption capacity. These
salient features encourage the use of AC for CO. adsorption in various industrial processes.
However, its utilization as an adsorbent for CO> capture is limited by its responsiveness to high-
temperature conditions. At near power plant flue gas temperature, AC adsorption capacity drops
drastically. To overcome the limitations, several studies on the modification of activated carbons
and the synthesis of high-performance adsorbents to treat GHG gases have been carried out. One
of the well-known methods is the use of metal oxides to modify activated carbon. Modifying the
surface of AC with metal oxides may provide a structure with enhanced porosity, which can vary
in pore structure and surface functional groups, thereby altering its adsorption properties.

Several studies have been carried out using different adsorbents, both synthetic and natural.
However, AC has shown much promise in this process; hence, there is a need to critically evaluate
various sources of AC to improve their adsorption properties. AC has numerous advantages as
adsorbent for CO. capture, as mentioned previously. In addition, about 98% efficiency was
observed in the capture of CO> using AC adsorbents (Liu et al., 2012). Table 2.6 outlines the

advantages and disadvantages of AC as an adsorbent for CO> capture.
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Table 2.6: An overview of the advantages and disadvantages of activated carbon as a CO> adsorbent.

Advantages

Disadvantages

It can be synthesized from any carbonaceous raw material
containing high carbon content, which is a non-expensive
resource.

The porosity of the AC depends on various factors like
temperature and agent. Hence an optimum process needs to be
developed to achieve the maximum surface area.

The manufacture of AC is not a cumbersome process. There are
two methods: physical and chemical activation.

Separating AC from the process is relatively very easy

AC can operate under a wide range of pH

AC dose not react with various chemicals easily and hence it can
resist corrosion.

Easy to regenerate

Activated carbons can be prepared in the form of granules,
powders, fibers, or beads from suitable

Thermosetting precursors by either physical or chemical means

Sometimes, only pristine AC is not sufficient to capture CO, from
the post-combustion process. So foreign martial needs to be added
to increase the selectivity of CO..
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2.6 Pristine and functionalized activated carbon

This section distinguishes between modified and non-modified AC as adsorbents for CO> capture.
Current research pertaining to the use of pristine and functionalized AC is also elucidated to
differentiate between the two types of AC.

Pristine AC is simply AC manufactured from carbonaceous raw material via physical or chemical
activation. The precursor is cut into small pieces, which are washed repeatedly to get rid of the
unwanted dust particles. After cutting it into smaller dimensions, it is fed to the pyrolysis or
carbonization reactor. In physical activation after carbonization, the char is activated in another
reactor with a continuous flow of oxidizing agents such as CO2, Oz or steam. In addition, it
contributes to the enhancement of the textural surface characteristics of the carbon material. In
chemical activation, the chemical agents that are used are basically dehydrating agents that
enhance the yield of carbon by influencing pyrolytic decomposition. The chemicals react with the
carbon chains forming a rigid matrix by cross-linking reactions. This step reduces the volatile loss
which occurs during carbonization. Since this type uses chemicals, the produced activated carbon

needs to be washed repeatedly before using it.

Non-modified AC is modified to change the surface chemistry of the adsorbent to enhance its
basicity. The surface functionalization and formation of different compounds help in capturing
CO2 by increasing the adsorption capacity and selectivity. According to literature, the metal doping
technique includes various ranges of metals starting from alkaline earth metal (Mg or Ca) to
transition metals such as Cu, Cr, Ni or Fe have been explored to impregnate activated carbon to
enhance its adsorption capability or improve its catalytic oxidation capability for CO, capture
(Rashidi and Yusup, 2016). In addition, due to the acidic nature of CO, (weak Lewis acid), it is
expected that introduction of Lewis bases onto the activated carbon surfaces may also favour the
COz capture performance (Shafeeyan et al., 2010).

The surface area, pore diameter and functional groups play a significant role in the adsorption of
CO.. The specific surface area is determined by Brunauer-Emmett—Teller (BET) test. The surface
area and the number of pores is interrelated. The higher the surface area, the greater the number of
pores. The surface area, pore diameter and pore distribution depend on the thermal treatment of
the AC. Activation temperature has a significant effect on the porosity of activated carbon.

However, there is an intermediate optimum temperature range where the porosity is maximum
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because, at low temperatures around 700°C, the micro-pores develop, which increases the surface
area of the AC, whereas, at high temperatures of 1000 °C, the developed micro-pores fuse to form
macro-pores. As a result, the surface area decreases. The process conditions for preparing activated
carbon to directly affect the capture capacity. Table 2.7 describes in brief the preparation process

of activated carbon from different precursors.
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Table 2.7: CO2 adsorption capacities of pristine activated carbon.

Precursor Carbonization | Activating | Activation Specific COz capture Reference
temperature agent temperature | surface area, capacity, 1 bar
m?/g (mmol/g)
Physical activating agents
2.5(25°C)
Coconut shell - CO2 900 °C 371 1.5 (50 °C) (Rashidi et al., 2014)
0.4 (100 °C)
Palm kernel shell 700 °C COz 800 °C - 7.32 (Nasri et al., 2014)
Olive stone - CO2 800 °C 1215 3.1 (25°C) (Gonzalez et al., 2013)
Almond shell - 02 650 °C 557 2.1 (25°C) (Plaza et al.,2014)
Nutshell 700 °C CO2 900 °C 573 3.5 (25°C) (Bae and Su 2013)
HTC biomass (grass - CO2 800 °C 841 1.5 (Hao et al., 2013)
cuttings)
Chemical activating agents
Spent coffee grounds 400 °C KOH 600 °C 1082 3.0 (25°C) (Plaza et al., 2012)
Sawdust - KOH 600 °C 1260 4.8 (25 °C) (Environ et al., 2011a)
Paulownia sawdust - KOH 700 °C 1643 8.0 (Zhu et al., 2014)
biomass
HTC beer waste - H3POg4 600 °C 1073 0.80 (Hao et al., 2013)
Rice husk - ZnCl 500 °C 927 1.3 (25°C) (Boonpoke et al.,
2013)
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2.6.1 Pristine activated carbon

Activated carbon can be prepared either by physical or chemical activation (Dodevski et al.,
2017). The physical activation of the raw material has two different treatment stages: the
carbonization under an inert atmosphere (Ar or N.) followed by the activation of char at
oxidizing (high) temperature. This can be done by using steam or CO as the source of
activating agents. Among all the physical activating agents, CO- is preferred the most because
it is inexpensive and contributes to the formation of ultra-micropores. It should be noted that
single-stage activation can be more economical in terms of reducing the temperature and
energy intensity due to dual cooling, operational costs and installation costs (Yaumi et al.,
2017). Chemical activation involves impregnating the precursors or physically mixing the
chemical compounds by dehydrating or chemical activating agents. The process involves only
one step where both carbonization and activation co-occur using either alkali or metal salt-
based chemical activating agents such as KOH, H3PO4, NaOH and ZnCl.. However, ZnCl: is
not suitable for chemical activation due to zinc emissions in the environment. Solutions of
H3PO4 are made with the raw material, which is then inserted into the reactor. Furthermore,
either wet impregnation or solid-solid mixing, chemical activation can be performed by wet
impregnation. In chemical activation, the size of the activator plays an essential role in the
formation of porosity in the carbon matrix. Also, the flow rate of steam/CO; significantly
contributes to the development of porosity on the surface of activated carbon during physical

activation. The pore formation mechanism is different in chemical than physical activation.

Shahkarami et al. (2016) investigated the effects of metal impregnation technology containing
magnesium salt before and after activation. The result showed that the addition of metal oxide
in a one-step and two-step process exploring steam activation enhanced the property of the
carbon sorbent in terms of the development of micro- and mesopores. Sethia and Sayari (2015)
took a mixture of trimethylsilyl imidazole (4.6 g, 0.033 mol) and chloroacetonitrile (4.9 g,
0.033 mol) and stirred it at room temperature for 24 hr under an inert atmosphere to form 1,3-
bis (cynomethyl imidazolium) chloride a white solid material. The solid was washed with
diethyl ether (three 30 mL) and dried under vacuum for 24 hr to form the raw material for
activated carbon. A wide range of activation conditions, including the KOH to carbon weight
ratio (1-2), temperature (550-700°C) and time (1-2 hr), were explored to generate activated
carbons with adjustable pore sizes and nitrogen contents. The optimized materials exhibited
unusually high nitrogen content (22.3 wt.%) and high surface area (1317 m?/g), in addition to

a large pore volume (0.27 cm®/g) comprised of ultra-micropores less than 0.7 nm in diameter.
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This material showed an extraordinary CO> uptake of 23.7 wt% (5.39 mmol/g) at 25°C, and
1 bar, one of the highest uptakes reported for any activated carbon. Its CO2/N> selectivity at
25°C was 237 and 62 at 0.01 and 1 bar, respectively (Sethia and Sayari, 2015). Thus, from this
study, it is evident that chemical activation also leads to efficiency in the adsorption of CO..
The affinity of the AC was also found to be substantial. Table 2.6 shows the different non-

modified AC produced from various sources and their CO adsorption capacities.
2.6.2 Chemically functionalized activated carbon

The adsorption capacity of AC significantly increases with the impregnation of various foreign
particles onto the carbon matrix that contributing to the enhancement of the basicity of the solid
sorbent in terms of chemical reaction at elevated temperature. The use of the metal
impregnation technique is called wet impregnation, where an inorganic salt containing
specified metal, as mentioned, is mixed with the carbon material that alters the surface
chemistry. Yadavalli et al. (2017) used Douglas fir sawdust pellets as the raw material for the
chemical activation of AC. The precursor was soaked at room temperature (25°C) in
phosphoric acid solution (85% mass fraction ag. soln.) with a 1.5:1 mass ratio of acid to
biomass. To modify the AC, 100 g of unmodified AC was mixed with a saturated solution
(25°C) of ammonium sulphate salt prepared using 5, 7.5 and 10 g of dry ammonium sulphate.
This carbon adsorbed 97% carbon dioxide from the inlet stream containing methane and other
gases with a carbon dioxide over methane selectivity of 5.27. The highest breakthrough and

exhaustion times of 3.5 and 13.5 min, respectively, were obtained.

The one-hour exposure of the used carbon at 105°C regeneration removed a majority of the
carbon dioxide and methane on the carbon surface, facilitating regeneration. The addition of
various functional groups on the surface of the AC by the addition of acid or alkalis can affect
the chemistry. The thermal and chemical treatment can be manipulated during the modification
of AC for specific applications (Chingombe et al., 2005). The surface of the AC must be
evaluated thoroughly to increase the affinity towards CO> selection from a mixture of gases
after the post-combustion process. In general, the modification of AC takes place after the
activation has been carried out. The modification process can be classified into three types:
heat treatment, chemical impregnation, or biological modification (Yin et al., 2007). COz is
considered a weak Lewis Acid, and the adsorption capacity depends on the surface chemistry
of the solid material. Thus, basic functional groups are preferable on the surface of the AC,
which increases the affinity of the CO> capture, and the acidic functional groups must be
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substituted by basic functional groups (Shafeeyan et al.,, 2010). Introducing nitrogen-
containing groups, sulphur and other metals or amines groups will enhance the basicity of
activated carbon due to the contribution of delocalized pi electrons and unsaturated valences in
the carbon matrix by them (Yaumi et al., 2017). Table 2.8 shows the CO> adsorption capacity

of AC impregnated with various functional groups and metals.

Table 2.8: CO, adsorption capacities using chemically modified activated carbon species.

Precursor | Surface modification Specific COz capture Reference
surface area, capacity
m?/g (mmol/g)
Cotton stalk | NHstreatment at 900 °C 435 1.8 (25°C) (Xiong et
al., 2013)
Coconut shell | Cu impregnation at 900 1339 0.4 (50 °C) (Yi et al.,
activated °C 2014)
carbon
Commercial | Pre-oxidation NH3 826 1.6 (25 °C) (Shafeeyan
activated tratement at 800 °C etal., 2011)
carbon
Bagasse Aniline (ANL) 574 0.3 (25°C) (Boonpoke
activated etal., 2012)
carbon
Biochar 3 and 10 wt% of 760 1.1 (25°C) (Shakarami
magnesium salt et al., 2016)
solution
Hybrid Cao and MgO CO2 removal (Prepiorski
sorbent impregnation increased with | etal. 2013)
materials increasing the
oxide
concentration

2.7 Carbon dioxide adsorption techniques

The CO- capture by adsorption is usually carried out in a packed column filled with dry
carbonaceous adsorbents, and the CO2 bearing stream is passed through the column at moderate
temperature (25-65°C) and atmospheric pressure. The entire mechanism involves two stages,
and they are CO; adsorption followed by desorption to get pure CO- through a pressure swing
(PSA), thermal swing (TSA) approach or the combination of both to make the entire process
cost-effective. Firstly, CO> molecules are adsorbed on activated carbon's non-polar surface,
which is mainly dominated by oxygenated functional groups such as carboxylic, lactonic
(acidic) and carbonyl or ether (non-acidic), followed by achieving the equilibrium between
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adsorbate and adsorbent under moderate temperature as it is exothermic. Finally, the surface
of the adsorbent is regenerated by reversing the adsorption condition. It can be further reused
for the next adsorption cycle contributing to the high efficiency of the multiple adsorption-
desorption cycles. CO; capture on activated carbon surface is mainly governed by the principle
of physical adsorption/physisorption, such as weak Van der Waal's force evident from its
reversible nature of adsorption, so easy recovery of the adsorbent is achievable. In addition,
the lower value of isosteric (Qst) heat of adsorption of carbon materials such as activated
carbon is attributed to the lower electrostatic interactions between the CO2 molecule and the
non-polar surface of the carbon material. It is also a sign of weak interaction between adsorbate
and adsorbent. Hence, the energy penalty is reduced at the final step. However, such an
approach's success depends on developing narrow micro-pores (ultra or super) with a high
adsorption capacity and selectivity for CO., followed by high stability, easy regeneration, and

potential corrosion problems with surface chemistry of activated carbon less dominant.

Moreover, the incorporation of amine or nitrogen (electron acceptor) groups into solid
adsorbing materials are expected to enhance the polarization and improve the CO> capture as
the CO2 molecule is Lewis-acid. Moreover, the success of the capture technology will also
equally depend on the regeneration capacity of the amine or nitrogen functionalized solid
adsorbents. The regeneration of adsorbents by pressure swing adsorption (PSA), temperature
swing adsorption (TSA) or vacuum swing adsorption (VSA) is discussed below.

2.7.1 Pressure swing adsorption technique

The pressure swing adsorption (PSA) technique is a cyclic adsorption process that allows
continuous and bulk separation of the desired constituent from a mixture/gas streams under
pressure according to an adsorbent material's molecular characteristics and affinity. This
process relies on the phenomenon that high-pressure gases (the desired constituent) are
attracted to the surface of the adsorbent. The technique is called PSA because it is performed
by a periodic change in pressure between the adsorption and desorption. Firstly, the mixture of
gases flows through the bed at high pressure and low temperature until the adsorption of CO>
reaches equilibrium conditions at the exit of the bed (Illing et al., 2001). The beds are then
regenerated by tumbling the pressure and elutriating the adsorbed constituents with a gas

having low absorptivity. After regeneration, the beds are equipped for another adsorption cycle.
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2.7.2 Temperature swing adsorption technique

This technique is called temperature swing adsorption (TSA) because the bed temperature
alternates between adsorption and regeneration. It is an alternate swing adsorption approach in
which flue gas is passed over the bed. After which, selective adsorption occurs on the adsorbent
until equilibrium is achieved. Desorption of gas can be done at high temperature by providing
additional heat (hot, pure, and relatively inert gas). For further adsorption cycle to be continued,
the regenerated bed is cooled down. The regeneration temperature is chosen based on the
stability and characteristics of the adsorbent and adsorbate. The additional requirement of heat
in TSA makes it costlier than PSA. The possibility of using available waste heat suggests using
TSA processes for post-combustion capture. Usually, PSA and TSA processes are combined
in the industries, i.e., adsorption at a low temperature followed by desorption/regeneration by

heating or lowering the pressure.
2.7.3 Vacuum swing adsorption technique

Other adsorption-based technologies, such as pressure/vacuum swing adsorption (PVSA/VSA)
with a regeneration pressure that is significantly below ambient, have frequently been
investigated because of their simplicity and low energy requirements. Summing up, all these
technologies are similar regarding how species present in the feed are separated. A solid

medium undergoing alternating loading and regeneration phases is driven by the process.
2.8 Summary

The exponential growth of anthropogenic CO- in the atmosphere from different industrial and
energy sectors is the primary contributor to global warming and climate change. Therefore,
various post-combustion capture processes are developed to recover CO; from point sources,
and they are liquid solvent-based absorption, membrane separation, cryogenic distillation, and
adsorption, etc. The technical challenges associated with the as-mentioned processes shifted
the focus to the use of solid sorbents prepared from lignocellulose-based inexpensive
precursors for CO, adsorption because of the plethora of advantages associated with it. Despite
the number of benefits related to the technology, certain limitations/disadvantages are still
associated with the approach. The adsorption capacity of AC significantly increases with the
impregnation of various functional groups mainly basic owing to the Lewis acidic nature of
COz. From this study, it is evident that chemical activation leads to favourable results in the
adsorption of COz. The affinity of the AC was also found to be vastly improved. Non-

modified/pristine AC is made to change the surface chemistry of the adsorbent to basic. The
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surface modification can contribute to the ultra-micropores development that can help trap CO>
by enhancing the selectivity. The addition of various functional groups on the surface of the
AC by the addition of acid or alkalis can affect the surface chemistry. This study shows that
PSA is a promising option for CO. capture due to its low energy and capital requirements
coupled with the ability to operate over a wide range of temperature and pressure conditions.
For this, it is widely believed that post-combustion technologies present the most significant
near-term potential for reduction of CO2 emissions because they can be retrofit to existing
fossil-fuelled power plants and may be applied to other industrial emitters of CO> as well (e.g.,
the cement industry and iron and steel production). Nevertheless, there is a need to scale up the
novel technologies from a laboratory to an industrial scale. This review paper is a reasonable
overview of the recent technologies used in post-combustion capture of CO,, and it also
outlines its drawbacks and advantages in detail. The knowledge gaps are addressed in this

research.
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Chapter 3 Experimental Section

In Chapter 3 biomass collection and pre-treatment, materials section (gases and chemicals),
thermal treatment set-up, CO capture set-up, impregnation technique and CO capture process
are included in detail. In addition, the complimentary analytical techniques used to characterize
the precursors and the products (solid samples) are also described in depth. Finally, the process

safety analysis followed while performing each experimental run are included in this chapter.
3.1 Biomass collection and Pre-treatment

SCG and CH were collected from a local coffee café located at the University of Saskatchewan,
Saskatoon campus, and Road Coffee Inc. (Saskatoon). The biomass samples without any
modification were referred to as the "as-received samples." The as-received precursors were
thoroughly washed with distilled water to eliminate any impurities and then oven-dried at 105+
5 °C for 12£3 h to remove the presence of excess moisture from SCG and CH. The moisture
content in SCG was reduced to less than 5 wt. %. The dried biomass samples with medium
sized particle fraction of dso = 522 and 611 pm for SCG and CH were preferred and stored in
airtight glass containers to avoid any moisture absorption for further thermal treatment and

analyses.
3.2 Materials section

In this work, high-purity (> 98%) nitrogen (N2) and carbon dioxide (COz) cylinders were
obtained from the Praxair Co. Saskatoon. High purity choline chloride (ChCI) and urea were

obtained from the Sigma Aldrich.

3.3 Torrefaction, slow-pyrolysis, and CO:2 activation set-up

The torrefaction, slow-pyrolysis and CO; activation set-up included a fixed bed Inconel reactor,
as shown in Figures 3.1 and 3.2, respectively. The specifications of the fixed-bed reactor are
summarized in Table 3.1. Heat to the reactor for thermal treatment was supplied by an external
tubular furnace mounted on the steel frame. As mentioned in Table 3.1, the temperature
controller (Eurotherm) was used to control and monitor the furnace temperature. The actual
temperature inside the bed and the temperature ramp was observed instantly with the aid of the
K-type thermocouple (Omega, K-type) positioned in the middle of the bed. Using time as the
function, heating rate during each run was determined by monitoring the change in reactor
temperature through the temperature controller. The temperature calibration of the bed was

recorded before the thermal treatment and is displayed in Figure B.1. The condenser placed
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inside an ice-bath and was used to collect the hot vapours from the fixed-bed reactor generated
during each experimental run. The thermal treatments conducted under N2 flow (to maintain
inert environment), and under CO> flow for physical activation. The gas flow rates were
controlled by using a mass-flow controllers (MFCs). The mass flow rates of N2 and CO> were
calibrated prior to the experimental run. The N2 and CO: calibration curves are shown in
Appendix B (Figures B.2 and B.3).

Thermocouple BTemperature controller
Mass flow controller (MFC) I
]

»%¢ >

Selection valve

Fixed-bed reactor

Pressure
gauge

Liquid Products Product gases

Ice tank

Figure 3.1: Schematic of torrefaction and slow-pyrolysis fixed-bed reactor set-up.

Table 3.1: Specifications of torrefaction, slow-pyrolysis, and CO; activation set-up.

Reactor Specifications and unit (mm)
Column length 870
Outer Diameter (O.D) 25.4
Inner Diameter (1.D) 22

Specifications of the fixed-bed reactor components
Vertical Furnace 3210 series, Applied Test System Inc., max temperature
(1200 °C)

Temperature controller Eurotherm 2416
Thermocouple Omega, K-type
Mass Flow Controller (CO2) Brooks instrument, 5850S (A)
Mass Flow Controller (N2) Brooks instrument, 5850S (B)
Condenser (stainless steel) SS316
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Figure 3.2: Schematic of physical activation reactor set-up (CO; activation).
3.4 Experimental procedures
3.4.1 Torrefaction and slow pyrolysis

The details regarding the torrefaction experimental procedure and the slow-pyrolysis technique

are outlined in detail in chapters 4 and 6, respectively.
3.4.2 Physical activation and activated carbon production technique

The physical activation setup included a lab-scale fixed bed reactor made of Inconel tubing as
shown in Figure 3.2. The specification of the fixed-bed reactor is mentioned in section 3.3 and
summarized in Table 3.1. The preparation of biochar from SCG through slow pyrolysis
technique is mentioned in chapter 6 (section 6.3.2). In this regard, the physical activation of
SCG-600 (SCG-600, >500 pm) was conducted using CO- as the activating agent. A sample
size of 20£0.5 g was used per batch of an experiment run. To ensure inert condition maintained
inside the reactor system, N2 gas was fed inside the fixed-bed reactor initially for 30 min under
a flow rate of 100 mL/min, controlled and monitored by MFC. This is followed by subsequent
heating to activation temperatures in the range of 600 to 800 °C increased from the ambient
temperature at a constant ramping rate of 5 °C/min conducted under N2 flow (100 mL/min).

Once the peak temperature was reached, the gas was switched from N> to desired flow rates of
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CO2 maintained in the range of 150 to 250 mL/min, controlled and monitored by MFC. Upon
reaching the activation temperature, the system condition was maintained in that state for 60 to
120 min to further allow CO,—carbon reaction, widening of unreachable pores and elimination
of carbon monoxide from the carbon matrix. After completion of the CO; activation, the reactor
was allowed to cool to ambient temperature by natural cooling performed under N2 flow. The
resultant AC samples were appropriately labelled as AC-CO., The activated carbon derived
from two stage physical activation using CO: as the activating agent and torrefied biomass as
the starting material was labelled as TAC-CO,. The AC samples were stored in glass vials and
kept inside a desiccator to avoid absorption of moisture or any contamination for further
analyses, functionalization, and breakthrough CO. adsorption experiments. Consequently, the

AC yield from each run was also measured according to the Eq. (3.1).
AC yield (%) = W2/W1*100.............oceenene. (3.1)

where, W is the final weight of the AC synthesized and W1 is the initial weight of the biochar
(dried SCG-600).

3.4.3 Preparation of natural deep eutectic solvent

In this regard, to functionalize the surface of pristine and optimized AC sample (AC-CQOy),
natural deep eutectic solvent (DES) was prepared by mixing choline chloride (ChCI) and urea
in different molar ratios according to the method stated below. Firstly, to remove any excess
moisture, urea was pre-dried at 45+5 °C in a vacuum oven for 48 h, before synthesizing the
solvent. Choline chloride and urea were stirred at different molar ratios ranging from 1:0.1-
1:0.5 maintained at a temperature of 80 °C for 2 h, until a homogeneous and transparent liquid
phase was obtained after mixing as demonstrated in Figure 3.3. In this regard, the molar ratios
were designated as 1-4 as shown in Figure 3.3 and the 5" DES sample was not included owing
to the presence of solid with liquid phase. Finally, all the as-synthesized DES samples were
dried in an oven at 110 °C to remove the traces of excess moisture and collected in a well-

sealed glass containers for further functionalization of the pristine AC sample.

3.4.4 Impregnation technique and preparation of DES functionalized activated carbon

samples

The optimized AC sample derived from SCG was thoroughly mixed with DES at a fixed ratio

of 1:2, at approximately 6545 °C for 2 h using ultra-sonication.

46



In this regard, impregnation has been defined as the mass of optimized pristine AC to the mass
of DES that was used to synthesize functionalized AC. The Figure 3.3 demonstrates the natural
DES preparation technique and DES impregnation procedure. For the impregnation, the DES
mixed AC samples were left at the room temperature for 24 h. Once the impregnation was over,
the AC samples were washed thoroughly with distilled water, filtered and subsequently oven
dried over-night at 110 °C+5 °C. Once the drying was over, the samples were collected and
labelled accordingly and kept in a desiccator. The samples obtained were labelled as AC-DES-
X where x denotes the molar ratio at which choline chloride and urea have been mixed to
prepare DES. For instance, AC-DES-0.1 means AC sample functionalized using DES solution
of choline chloride and urea mixed at a molar ratio of 1:0.1. Table 3.2 demonstrates the list of

DES solvents used to tailor the surface of pristine and optimized AC (AC-CO).
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Figure 3.3: Deep eutectic solvent preparation and AC impregnation technique.

Table 3.2: Ratio, phase, and abbreviations of the DES-based activated carbon samples.

SI No. Ratio Phase Abbreviations of AC
ChClI: urea
1 1:0.1 Liquid (transparent) AC-DES-0.1
2 1:0.2 Liquid (transparent) AC-DES-0.2
3 1:0.3 Liquid (transparent) AC-DES-0.3
4 1:0.4 Liquid (transparent) AC-DES-0.4
5 1:0.5 Liquid with solid phase AC-DES-0.5

3.5 Characterizations

Following characterizations were performed to analyse the transformation in physicochemical

characteristics of the precursors (SCG and CH), torrefied biomass samples, biochar samples
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derived from slow pyrolysis, pristine AC (AC-CO.) and DES-functionalised (AC-DES-0.4)
and are described in the section below:

Using the Malvern Mastersizer 3000 (Malvern Instruments, UK) the particle size of the tested
samples was determined and scanned within the range of 4-3500 pm.

The amount of ash, moisture, and volatile matter content (proximate analysis) in the tested
samples was assessed based on the standard ASTM methods as described below. Each analysis
was carried out on a dried-basis and repeated in triplicates to estimate the error.

Moisture content (ASTM E871-82): Moisture content was assessed by heating a crucible
containing approximately 1 g of solid sample at 1055 °C in a furnace maintained for 2 h. This
is followed by estimating the difference in weight of the sample (before and after heating)
(ASTM, 2006).

Ash content (ASTM E1755-01): Subsequently the ash content was evaluated by heating the
sample at a temperature of 57510 °C for 4 h in a muffle furnace. Ash content is estimated by
calculating the weight loss of the sample (before and after heat treatment) (ASTM, 2007).
Volatile matter (VM) content (ASTM D3175-11): Volatile matter content in the tested sample
was measured by heating the tested sample at 950+10 °C maintained for 7 min in the furnace
followed by cooling the in the desiccator (ASTM, 2011).

Fixed carbon (FC) content: The fixed carbon content in the tested sample was measured by
mass balance as shown below in Eq. 3.2:

FC content (wt. %) = 100- (moisture + ash + VM) wt. %.........c.ccceuvenee (3.2)

Using the Vario EL Il CHNS Analyzer, the elemental compositions (C, H, N and S) were
determined in the tested samples through high temperature decomposition technique. The
oxygen content (O) was determined using the technique of mass-balance as shown in the Eqg.
(3.3). Each analysis was repeated in triplicate to estimate the error and the average value has

been reported each time.
Oxygen content (O) wt. % = 100- (C+ H + S+ N + Ash) wt.% ............... (3.3)
Where, C (carbon, wt. %); H (hydrogen, wt. %); N (nitrogen, wt. %) and S (sulphur, wt. %).

The pH analysis was determined with the aid of an Elite PCTS pH meter. Before conducting
the pH analysis, the tested sample and de-ionized water was mixed in a ratio of 1: 5. The
solution was mixed for 24 h with sporadic agitation.

The higher heating value (HHV) of the tested sample was obtained by using an oxygen bomb

calorimeter (Parr 6400). Before estimating the calorific value, the calorimeter was first
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calibrated using benzoic acid pellets as the standardized material. In this regard, each
experimental run was repeated in triplicates to determine the error.

The textural properties of the tested sample were determined using a Micromeritics instrument
(Model ASAP-2020). The surface area (Sget) of the tested sample was determined by using
the BET method, whereas to evaluate the pore-size distribution and pore volume of the tested
sample the BJH model was used. The IUPAC classification (International union of pure and
Applied Chemistry) was considered for the pore size distribution. Before the analysis, the
tested sample was degassed at 300 °C for 4 h under vacuum maintained at 500 mm Hg to
eliminate excess moisture and traces of absorbed gases present in the surface of the tested
samples. This is followed by N. adsorption-desorption analysis performed at a temperature of
—196 °C. To determine the micropore size distribution of the tested sample, the non-local
Density Functional Theory (NLDFT) was applied using N> adsorption at —196 °C on slit-pore
carbon.

The FTIR spectroscopy was done to recognize different surface functional moieties in the
samples. This analysis was executed with the aid of a Bruker VERTEX 70v Fourier Transform
spectrometer. The spectra were obtained in the range of 4000—400 cm ™! using a diamond ATR
crystal obtained at a resolution of 4 cm™and 32 scans.

The TGA-DTG analysis was performed to examine the devolatilization behaviour of the tested
samples. Using the TGA Q500 instrument the analysis was executed. About 10—20 mg of the
tested sample was heated in an inert environment at a temperature range of 25—800 °C in the
presence of Nitrogen gas (N2) purged at 60 mL/min of flow rate. The heating rate during the
thermal degradation was maintained at 10 °C/min.

The X-ray diffraction (XRD) technique was used to analyse the X-ray diffractogram of the
tested samples. The analysis was performed using an Advance D8 Diffractometer equipped
with Cu K-a source of radiation (A=1.5418 nm). In this regard, the data were collected in the
two-theta range of 10-80°.

To determine the carbon-containing groups in the tested samples, solid-state *C-NMR
spectroscopy was studied using the Bruker Avance NMR spectrometer (500 MHz). The
analysis was performed at a spinning speed of 6 kHz, accumulating 2048 scans in 90 min. The
data was processed by using the Topspin version 4.0.7 software.

The X-ray photoelectron spectroscopy (XPS) analysis was performed using a Kratos AXIS
Suprainstrument. The spectrometer is equipped Al K-a source with a combined hemi-spherical
and spherical mirror analyzer. To conduct a high-resolution analysis, an accelerating voltage

of 15 keV and current of 10 mA was maintained at each run of the analysis.
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» The CO2-Temperature-programmed desorption (TPD) study of the activated carbon samples
(pristine and DES functionalized) was performed with the aid of Micromeritics
chemisorption Analyzer (AutoChem, 2950 HP). In a typical CO.-TPD experiment, before
performing the TPD analysis, the sample was first degassed at a temperature of 300 °C under
He flow maintained for 30 min. With anhydrous CO: gas (5.21% CO2 in He) the adsorption
was performed at 100 °C maintained for 30 min. This is followed by flushing the sample with
He for 30 min to remove the physically adsorbed CO> and recording the desorption profile at
100 to 700 °C under He purged at a rate of 50 ml/min.

» The morphologies of the tested samples were acquired using a scanning electron microscope
(SEM, Hitachi SU8010) The imaging of the tested samples was functioned at a voltage of 3
kV voltage maintained under a high vacuum. Prior to SEM imaging, gold was used to coat the
tested samples with the aid of A Q150T ES sputter coating instrument.

Details regarding the analytical techniques mentioned above are also provided in the previous
work done from our research group (Mukherjee et al., 2021a; Mukherjee et al., 2021b; Chand
et al., 2019; Azargohar et al., 2019a).

3.6 Breakthrough Carbon dioxide adsorption set-up

The breakthrough CO: capture performance was evaluated by conducting adsorption runs in a
fixed-bed tubular reactor. The schematic diagram of the CO, adsorption set-up is demonstrated
in Figure 3.4. Specification of the fixed-bed laboratory-scale reactor is summarized in Table
3.3. To supply heat to the reactor, silicone rubber insulated heating tape was used with a
maximum operating temperature of 232 °C. The CO. and N2 gases were calibrated before
performing the experiments presented in Appendix C, Figures C.1 and C.2, respectively. The
mixture of pure CO. and N2 was fed through the bed of adsorbents, and the flow rates
(maximum 200 mL/min) were controlled by using a mass-flow controllers (MFC) and a
metering valve coupled with a mass flow meter (maximum 500 mL/min). The micro-GC
calibration is presented in Appendix C, Tables C1 and C2, respectively. In this regard, the
micro-GC analyzer (CP-4900, Micro-GC) with a thermal conductivity detector (WTCD) was
used to determine the dynamic concentration of the gas. Each experimental runs were

performed in triplicates and the mean value of adsorption capacity is reported in this study.
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Figure 3.4: Schematic of CO adsorption set-up (temperature swing adsorption unit).

Table 3.3: Specifications of CO> capture fixed-bed reactor.

Reactor Specifications and unit
Bed-Diameter 25cm
Bed height 6 cm
Column length 42 cm

Specifications of the components of CO2 capture set-up

Heating Tape Silicone insulating heating tape, Cole-Parmer
Mass Flow Controller Brooks instrument, 5850S (A/B)
Flow Meter Brooks instrument, 5860S

3.6.1 CO2 adsorption Capacity

The breakthrough CO. adsorption and desorption performance is described in chapters 4, 6 and
7. The CO2 adsorption capacity in this study is determined by using the Eq. 3.4 and is expressed
in mmol of CO2/g of adsorbent (Singh et al., 2019). It can also be converted to mg/g by
multiplying the adsorption capacity expressed in mmol/g by 44.01 (molecular weight of CO3).
The breakthrough adsorption capacity was calculated using the Eq. (3.4) as stated below:

6, == [Q(C, ~C)
m 0
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where, q: is the adsorption capacity expressed in mmol/g, m is the mass of adsorbent used to
perform the experimental run expressed in g, Q is the gas flow rate expressed in mL/min, Co
and C are the CO> inlet and outlet concentrations expressed in volume %, and t is the time
expressed in min. The multiple adsoprtion-desorption cycles performed to assess the thermal

stability or the extent of regeneration of the AC samples are described in detail in chapter 7.
3.6.2 Selectivity

The selectivity of binary mixture of CO2: N2 was measured using the breakthrough adsorption
capacities (Igalavithana et al., 2020). The gas mixture contained CO. and N> at 0.15:0.85 ratio
(15 vol% of CO2 in N2, flue gas composition) and the following Eq. (3.5) was used to determine
the selectivity of the AC samples:

Where, g1 and g2 represents the breakthrough adsorption capacities of CO2 and N at 25 °C and

at 1 bar and p; and p2 represents the partial pressure of CO2 and Nz, respectively.
3.7 Process Safety Analysis

Thermal treatments were carried out under high temperatures. Hence, the following safety
protocol outlined below were strictly followed while performing each experimental run:

Outlet of the reactor: All the outlet of the reactor must be cleaned before starting each

experimental run.

Leak Detection Test: All the experimental runs were performed after undergoing a leak-
detection test. The experiments were performed if the test result was positive (no leak detected).
Apply anti-sieve before staring the experimental run and close the reactor.

Reactor temperature: During each experimental performance, the temperature of the reactor

temperature was monitored continuously through the temperature controller (Eurotherm).

Gas flow rate: During each experimental run, the gas flow rate was monitored constantly

through the mass flow controller (MFC).

N2 and CO2 cylinders: During each experimental run, the N2 and CO2 cylinders were
monitored continuously. The valves of N2 and CO: cylinders were closed after each
experimental run and the pressure gauge was set at the lowest point when not in use for any

experimental run.
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Chapter 4 Experimental and Modeling Studies of Torrefaction of Spent Coffee Grounds
and Coffee Husk: Effects on Surface Chemistry and Carbon Dioxide Capture
Performance

Most of the content of this chapter has been published as a research article in the American
Chemical Society (ACS), Omega. The ACS publication holds the copyright and the permission
to use the aforementioned article in this thesis has been obtained from the ACS and is presented
in Appendix G (Figure G.1).
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the desired products and interpreted the related data, calibrated the CO> adsorption set-up, and
performed breakthrough CO. capture experiments, validated the experimental findings with
the modelling studies, writing the manuscript and provided response to the reviewers through
discussions with Dr. Ajay K. Dalai. Dr. Jude Okolie helped to develop the model using Aspen
Plus. Dr. Catherine Niu and Dr. Ajay K. Dalai guided to draft the manuscript through

suggestions and guidance.
Contribution of this chapter to the overall Ph.D. research

The first objective and the subsequent sub-objectives is highlighted in this chapter: To
investigate the influence of process parameters to transform the physicochemical
characteristics of the biomass samples. Furthermore, validated the experimental findings of
mass and HHV with the theoretical observations. Finally, this section demonstrates the

candidacy of the torrefied biomass samples in removing CO2 under post combustion scenario.
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4.1 Abstract

Torrefaction of biomass is a promising thermochemical pre-treatment technique used to
upgrade the properties of biomass to produce solid fuel with improved fuel properties. A
comparative study of the effects of torrefaction temperatures (200, 250, and 300 °C) and
residence times (0.5 and 1 h) on the quality of torrefied biomass samples derived from spent
coffee grounds (SCG) and coffee husk (CH) was conducted. An increase in torrefaction
temperature (200—300 °C) and residence time (0.5— 1 h) for CH led to an improvement in the
fixed carbon content (17.9-31.8 wt. %), calorific value (18.3—25 MJ/kg), and carbon content
(48.5-61.2 wt. %). Similarly, the fixed carbon content, calorific value, and carbon content of
SCG rose by 14.6-29 wt. %, 22.3—-30.3 MJ/kg, and 50—69.5 wt.%, respectively, with
increasing temperature and residence time. Moreover, torrefaction led to an improvement in
the hydrophobicity and specific surface area of CH and SCG. The H/C and O/C atomic ratios
for both CH and SCG-derived torrefied biomass samples were in the range of 0.93—1.1 and
0.19-0.20, respectively. Moreover, a significant increase in volatile compound yield was
observed at temperatures between 250 and 300 °C. Maximum volatile compound yields of 11.9
and 6.2 wt. % were obtained for CH and SCG. A comprehensive torrefaction model for CH
and SCG developed in Aspen Plus provided information on the mass and energy flows and the
overall process energy efficiency. Based on the modelling results, it was observed that with
increasing torrefaction temperature to 300 °C, the mass yield values of the torrefied biomass
samples declined remarkably (97.3 wt.% at 250 °C to 77.5 wt.% at 300 °C for CH and 96.7
wt.% at 250 °C to 75.1 wt.% at 300 °C for SCG). The SCG-derived torrefied biomass tested
for CO. adsorption at 25 °C had a comparatively higher adsorption capacity of 0.38 mmol/g
than CH-300-1 (0.23 mmol/g) owing to its better textural characteristics and surface chemistry.
Although, SCG would need further thermal treatment or functionalization to tailor the surface
and textural characteristics to attract more CO2. molecules under a typical post-combustion

scenario.
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4.2 Introduction

The post-combustion CO. capture units are considered one of the feasible solutions to reduce
CO- emissions (Deshani et al., 2020; Mukherjee et al., 2019). The post-combustion method
involves capturing CO> from the mixed flue gas stream after the complete combustion.
Compared to other existing CO> capture technologies (pre-combustion or oxy-fuel combustion)
the post-combustion capture technique can be retrofitted to the existing industries without
significant modifications (Shewchuk et al., 2021). In addition, the post-combustion method is
easy to set up and is also a cost-effective CO. capture technology. Post-combustion CO>
capture technology uses wet/dry adsorbents and the principle of adsorption/desorption to trap
CO2 molecules from the flue gas stream. Activated carbon (AC) and biochar are widely studied
as the carbon-based adsorbents for post-combustion capture techniques due to the availability
of a large specific surface area, microporous structure, hydrophobicity, and superior CO>
adsorption capacity (Mukherjee et al., 2019). Activated carbon can be produced from a single
or two-step thermal treatment technique (thermally treating biomass/organic wastes in an inert
environment, slow pyrolysis) and subsequent physical or chemical activation.

Few studies have evaluated carbonaceous materials' post-combustion CO, capture potential
produced from thermochemical conversion methods such as torrefaction. Furthermore, most
reports in this field are related to either experimental studies and physicochemical findings
(Jiang et al., 2021) or kinetics analysis (Ugochukwu Michael Ikegwu et al., 2021). However, it
is challenging to scale up a process without implementing and comparing modelling studies to
the experimental results. For instance, it is challenging to calculate the energy requirements of
an entire process with experimental results alone (Bach et al., 2017). Also, experimental results

alone do not provide adequate information needed for preliminary economic evaluation.

Torrefaction is fundamentally a mild thermochemical pre-treatment exploited mainly for
upgrading biomass characteristics. The thermal treatment is conducted at a moderate
temperature ranging from 200 to 300 °C in an oxygen-deficient condition. Moreover,
torrefaction is characterized by lower heating rates and long reactor residence time under
atmospheric conditions (Yan et al., 2017). The fundamental advantage of torrefaction is that
the biomass samples are converted into high-quality fuels with lower atomic ratios and high
energy density. The properties of torrefied biomass are comparable to those of conventional
fossil fuels such as coal (Chen et al., 2015). Hydrophobicity properties in torrefied biomass
make it easier for efficient storage, handling, and long-distant transportation.
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Several researchers have studied and reported the torrefaction process as a biomass pre-
treatment technique for improving its fuel characteristics (Barskov et al., 2019; Ribeiro et al.,
2018). In a recent study, Sarker et al. (2020) reported the improvement in biomass
characteristics after undergoing mild to severe torrefaction treatment using barley straw (BS),
canola hull (CH), and oat hull (OH). Chen et al. (2012) showed that torrefied biomasses fall
in the periphery of high-volatile bituminous coal when synthesized at high temperatures.
Despite many impressive studies related to biomass torrefaction, a few studies have reported
the effect of torrefaction on the fuel properties of SCG and coffee husk (CH) as well as their
candidacy for CO> capture. To the best of our knowledge, no study has reported the possibility

of using torrefied SCH or CH as solid material for post-combustion CO; capture.

In contrast, numerous studies have reported using AC for post-combustion CO capture
(Dilokekunakul et al., 2020; Tiwari et al., 2017). Tiwari et al. (2017) showed that almond shell-
prepared AC is effective for CO, removal. In another study, (Dilokekunakul et al., 2020)
prepared activated carbon from bamboo waste and studied the effect of N, O, and different
functional groups on CO: capture.

This study aims to evaluate the impacts of temperature and residence time on the yield and
physicochemical properties of torrefied SCG and CH to fill the knowledge gaps. Another
novelty of this study is developing a comprehensive biomass torrefaction model. The model is
essential for process optimization and techno-economic analyses. Furthermore, the torrefaction
model can estimate the product distribution and by-products of the process. Furthermore,
torrefaction models provide the information required to bridge the gap between academia and
industry research. SCG and CH have no significant applications as they are mostly discharged
into landfills, causing a detrimental impact on the environment owing to the emission of toxic
materials. Therefore, their valorization would help minimize environmental pollution

originating from their disposal.
4.3 Materials and Methods
4.3.1 Biomass collection and pre-treatment

The biomass collection (SCG and CH) and pre-treatment techniques before undergoing
torrefaction are described in detail in section 3.1 (chapter 3). The methodology followed to
execute the research objective is outlined and is schematically represented in Figure 4.1.
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Figure 4.1: Schematic representation of the methodology adapted for research-objective 1.
4.3.2 Torrefaction set-up and experimental procedure

The overall details of the torrefaction reactor system have been meticulously explained in the
section 3.3 (chapter 3). A schematic representation of the fixed-bed reactor for torrefaction is
presented in Figure 3.1. The torrefaction of SCG and CH was performed in a one inch fixed-
bed Inconel tubular reactor. The average geometric mean particle size of dried biomasses (SCG
and CH) was already small and in the range of 0.52—0.61 mm, so they were fed directly into
the reactor. The temperature was raised from 25 °C to the desired peak temperatures (200, 250,
and 300 °C) during torrefaction. In addition, a constant heating rate of 10°C/min was
maintained throughout the reaction. Like torrefaction temperature and residence time, the
heating rate influences the properties in torrefied biomass samples. However, the influence is
minimal compared to the other parameters (torrefaction temperature and residence time).
Usually, the heating rate range studied for torrefaction is between 10 and 50 °C/min. The
heating rate of 10 °C/min was selected because a lower heating rate favoured the generation of
higher torrefied biomass (solid) yield. As the corresponding torrefied biomass is the main
product of consideration in this study, the heating rate was kept at the lower level and fixed at
10 °C/min. N2 gas was added at 100 mL/min to maintain an inert atmosphere and avoid
undesirable reactions (oxidation or ignition) during the reaction. The flow rate of gas was
continuously monitored using a mass-flow controller (MFC). Once the desired torrefaction

temperature was reached, a known amount of biomass (10 = 0.5 g) was loaded into the reactor
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and then tightly sealed to ensure that the inertness and temperature inside the reactor were well
maintained. It should be emphasized that two sets of residence times were considered in this
study (0.5 and 1 h). Once the experiment was completed, the reactor was cooled down to the
ambient temperature (25 £ 5 °C) in the presence of N.. The final products (torrefied biomass
and liquid samples) were collected for further mass balance. The torrefied biomass samples
were stored in a glass container inside a desiccator at room temperature until another chemical
analysis and adsorption performance study was performed. The corresponding torrefied
biomass samples were labelled according to the precursor-torrefaction temperature—residence
time. For instance, SCG-200-0.5h implies a torrefied biomass sample derived from SCG at 200
°C and 0.5 h hold time, or CH-300-1h indicates a torrefied biomass sample derived from CH
at 300 °C and 1 h hold time. The torrefied biomass yield is calculated using the following Eq.
(4.2):

Torrefied biomass Yield (wt. %) = (Mta/Mg) *100 %........ccvvvvriiiiicirininn, (4.1)
where, Mtg represent the weight of the torrefied biomass sample obtained after torrefaction
and Mg represent the initial weight of the biomass sample (SCG/CH) used for torrefaction.

Temperature and reaction time ranges of 200—300 °C and 0.5—1 h were defined in this study
for the following reasons:

» The devolatilization and depolymerization of lignocellulosic components (hemicellulose and
cellulose) occur within the temperature range (200—300 °C) (Prins et al., 2006).

» The objective of the present study is to improve the solid physicochemical properties and yield
for potential CO> capture. An increase in the temperature beyond 300 °C could lead to a drastic
decline in solid yield. Therefore, 300 °C was selected as the maximum temperature.

» The torrefaction temperature range of 200—300 °C was used to prevent excessive mass loss in
the precursors.

» The residence time range of 0.5—1 h was selected for this study because previous studies
reported a decline in solid yield with a residence time above 1 h (Trubetskaya et al., 2020; Prins
et al., 2006).

» Furthermore, a residence time below 0.5 h does not provide enough duration for intermediate

reactions such as depolymerization, dehydration, and deoxygenation to occur.
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4.3.3 Characterizations of the precursors and torrefied biomass samples

The complimentary analytical techniques performed to analyse the transformation of the
biomass samples before and after torrefaction is provided in previous chapter (section 3.5,
chapter 3).

4.3.4 Carbon dioxide capture set-up and adsorption experiments

The information on the CO2 capture set-up and the schematic (Figure 3.4) has been
meticulously described in section 3.6 of previous chapter (chapter 3). Before each adsorption
experiment, the set-up was loaded with 2 + 0.2 g of torrefied biomass samples and then
preheated to 160 £ 5 °C for 2 h in the presence of N gas at 50 + 0.5 mL/min. N2 gas was used
to maintain the inertness and to remove excess moisture inside the reactor. After dehydration,
the reactor was cooled down to 25 °C, after which pure CO2 (30 vol %) balanced by N2 was
fed through the bed of torrefied adsorbents, controlled, and monitored by MFCs (as
summarised in Table 3.3) to study the CO> capture performance. The adsorption capacity was

evaluated by using Eq. (3.4) as provided in detail in previous chapter (chapter 3).
4.4 Process Modeling
4.4.1 Aspen plus Model Description and Assumptions

Biomass torrefaction is a highly complex process with a series of intermediate reactions.
Therefore, it is challenging to model such systems in Aspen Plus. This is because biomass
contains several complex components, including lignocellulosic compositions (hemicellulose,
cellulose, and lignin) (Okolie et al., 2021b). The thermal degradation of these lignocellulosic
components comprises several intermediate and complex reactions that could possibly yield
various intermediate products. Therefore, the modeling and identification of these products are
complicated and equally challenging. Consequently, the entire torrefaction process was

simulated by considering different unit operations.

The Figure 4.2 shows the flow diagram of the torrefaction model. Together with the unit
operations arrangement, the flowsheet was designed to be as simple as possible. That way, it
is easier for future adjustments and scale-up. The model consists of a dryer, a series of heaters
and compressors, two yield reactors, and flash separators. The description of each unit
operation and the assumptions are summarized and presented in Table 4.1. It should be
emphasized that Aspen Plus does not contain a predefined feedstock for SCG and CH.
Therefore, a nonconventional stream was used to define the heterogeneous solid feedstock

based on proximate and ultimate analyses and a calculator block. A detailed description of the
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nonconventional stream modeling and the assumptions were adapted from Okolie et al.,
(2020). Moreover, it should be noted that a steady-state system was assumed in all calculations,
while the Redlich—Kwong—Soave equation was used to simulate the fluid properties. Based on
the flowsheet in Figure 4.2, the coffee residues (SCG and CH) are fed into a convective air
dryer (DRYER) operating for 12 h. The dryer was designed to mimic the feedstock pre-drying
steps and reduce the feedstock moisture content. Air at ambient temperature (ARN) is
compressed and sent to the dryer for feedstock drying. The dried feedstock exiting the dryer is
named as DRIEDSCG. The dried coffee residues enter the heater (HEATER1), where the
temperature is elevated to a preheating temperature (200-300 °C) before entering the

torrefaction reactor.

The torrefied unit was modeled with unit operations comprising the stoichiometric reactor, two
RGibbs reactors, and two separator blocks. The entire torrefaction system was modeled in three
sequential steps: initial heating and moisture removal, biomass decomposition, and
intermediate decomposition. The first step in the torrefaction module is the moisture removal
step. This step was modeled using the stoichiometric reactor (DRY-REC) and solid/gas phase
separator (Onsree et al., 2020). The mass balance calculations to ensure that the final moisture
content is the same as the torrefied solid were solved with a calculator block with an embedded
FORTRAN code. The dried solid stream (S3) leaving the stoichiometric reactor is fed to the
solid separator, where the inbound moisture is separated from the solids, after which the hot
stream containing dried solids (DRYSCG) is fed to the Ryield reactor (RYIED1). The two
yield reactors were used to model the intermediate steps during coffee residue torrefaction
based on Eq. 4.2. The two yield blocks were selected for several reasons. The torrefaction
kinetic models assume that the reaction occurs in two-step processes, including biomass
decomposition into intermediates and volatiles. They are followed by intermediate degradation
to form the torrefied solids (Bach et al., 2017). In addition, a similar approach was employed
in previous studies related to the development of biomass torrefaction models
(Manouchehrinejad and Mani, 2019). The first yield reactor represents the decomposition of
coffee residues into volatile compounds and solid intermediates, while the second reactor
models the intermediate decomposition into other volatile compounds and torrefied biomass
samples. It is vital to note that the density and enthalpy of the nonconventional solid feedstock
were determined by the specific property methods of DCOALIGT and HCOALGEN,
respectively (Okolie et al., 2020).
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Table 4.1: List of assumptions and description of the processing blocks used for the torrefaction model.

Default block ID in Aspen | Unit operations used in Descriptions and Assumptions
Plus the flowsheet

Dryer DRYER This convective air-drying unit was used to simulate the pre-drying steps.
A continuous operation mode was assumed with a plug flow operation.

Compressor COMPSR The compressor helps to increase the pressure of the incoming air that is fed to the
dryer.
Isentropic operation mode was assumed.

Heater HEATER1 Heats air-dried feedstock to the desired preheating temperature.

Rstoic DRY - REC Simulate the moisture removal step in the torrefaction process.
Operates under atmospheric pressure.

Sep SEP Separate liquid products from other reaction products.

Sep SEP2 Separate volatile products from solid products.

Ryield RYIELD1 This unit helps to simulate the decomposition of coffee residues into volatiles and
intermediate products.
Operates under atmospheric pressure.

Ryield RYIELD?2 The unit helps to simulate different solid intermediate decomposition into volatiles and
torrefied biomass.
Operates under atmospheric pressure.
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4.5 Torrefaction mass and energy yield

The main parameters that are exploited to determine the efficacy of the torrefaction process are
the mass and energy yields. They indicate how much dry mass is removed or lost during the
torrefaction process and the amount of energy retained in the torrefied biomass samples (solid

residues). The mass yield is calculated from Eq. (4.3) as follows:

YO JRc LN 111 L S (4.3)
MRraw

Where, My, Mtorr, and Mraw represent the mass yield, the mass of torrefied biomass sample
(solid-residue), and the mass of raw feedstock (biomass).

The energy yield was determined from the expression in Eq. (4.4) as follows:

HHVTtoRrr

Ey (%) = My (%) x o

Where Ey, HHVtorr, and HHVRraw represent the energy yield and higher heating values of
torrefied biomass and raw feedstock (biomass), respectively.

4.6 Results and discussions

4.6.1 Ultimate, proximate, and pH Analyses of the precursors and torrefied biomass

samples

The ultimate, proximate, and pH analyses reveal the modifications in chemical composition
before and after the exposure of the precursors (SCG and CH) to torrefaction, and the findings
are summarized in Table 4.2. The carbon, hydrogen, nitrogen, sulfur, and oxygen compositions
of SCG and CH were characteristics of typical lignocellulosic (agricultural) biomass materials
such as bamboo, rice husk, and oil palm (Chen et al., 2012a). The carbon contents of SCG (50
wt. %) and CH (48.5 wt. %) fall in the periphery of typical lignocellulosic biomasses. On the
contrary, SCG has superior hydrogen (6.7 wt. %) and sulfur content (0.9 wt. %) compared with
CH. The higher C and H content in SCG could depict that it could be further valorized to
produce energy and fuels. Furthermore, it should be emphasized that both coffee residues
showed a low sulfur content of less than 1 wt.% and nitrogen content (<3 wt.%). Low sulfur
and nitrogen contents are desirable for thermochemical conversion processes, especially the
reactions involving a catalyst. Moreover, low sulfur and nitrogen contents mean that there will

be fewer emissions of nitrous and sulfides during thermochemical conversion processes.
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The ultimate analysis of the torrefied biomass samples reveals a change in elemental
composition for both precursors. The results indicate that notable alterations in composition
occur during torrefaction regardless of the type and nature of the precursor. Moreover, an
elevation in the torrefaction temperature from 200 to 300 °C at 0.5 h led to a significant
improvement in C content for both the precursors. For instance, the C content of SCG-derived
torrefied solid was 52.8 wt % at 200 °C and 0.5 h residence time. However, a rise in the
torrefaction temperature to 300 °C and 1 h produced an elevation in the C content to 69.5 wt.%.
On the contrary, the torrefaction temperature and residence time increased the torrefied
biomass samples' oxygen, hydrogen, and sulfur contents reduced, irrespective of the biomass.
The reduction in oxygen fraction could be attributed to the disruption of the polymeric
structure, mainly hemicellulose followed by cellulose, between 200 and 300 °C during
torrefaction. Moreover, due to the series of devolatilization and decomposition reactions of the
lignocellulosic components during torrefaction, the oxygen content was reduced sharply. The
decline in hydrogen content with elevating torrefaction temperatures to 300 °C could also be
attributed to the release of hydrocarbons (CH4 and CzHe) during torrefaction (Sarker et al.,
2020). It should also be highlighted that no clear pattern was evident in the change in nitrogen
composition in torrefied biomass samples with variations in torrefaction temperatures or
residence time. Similar observations were reported in previous studies (Ren et al., 2017,
Acharya et al., 2015).

The proximate analysis presented in Table 4.2 indicates that both SCG and CH showed a high
content in the volatile matter range of 77.7-81.2 wt. % and, therefore, could exhibit poor fuel
characteristics. However, torrefaction of the precursors led to a decline in the volatile matter
and moisture content with increasing process severity (Table 4.2). Surprisingly, the ash content
of all the torrefied solids is more significant than those of the precursors. However, all the ash
contents are still low and less than lignite coal (8.5 wt. %, ash content). Decreasing ash content
is favourable for thermochemical conversion processes. Biomass ash contains inorganic
elemental composition that often creates operating challenges such as slagging, fouling, or
obstruction in the combustion units (Ugochukwu M Ikegwu et al., 2021). For that reason, a low
ash content of the torrefied solid residues is desirable. Significant changes in the proximate
analysis were not evident at a lower range of temperature (200 °C) because only moisture and

light volatile compounds were eliminated from the biomass samples.

The Van Krevelen diagram presented in Figure 4.3 shows the extent of reactivity and fuel

characteristics of the precursors and the torrefied biomass samples. Compared to the
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precursors, the torrefied biomass samples showed lower atomic ratios (H/C and O/C) owing to
low H and O content. Moreover, comparatively, CH-derived torrefied biomass samples under
the most severe conditions (300 °C and 1 h) had the lowest values of H/C (0.93) and O/C (0.19).
Both the atomic ratios (H/C and O/C) declined remarkably and were influenced by increasing
torrefaction temperature and longer residence time. The atomic ratios of the torrefied biomass
samples are within the periphery of lignite coal (Table 4.2). The atomic ratios reveal that
torrefaction of both the precursors improved their fuel properties for subsequent biological or

thermochemical conversion processes.

The pH analysis was used to assess the acidity or basicity of the torrefied samples. The pH
values of the tested samples are also summarized and presented in Table 4.2. The pH of SCG
and CH were 5.5 and 6.8, respectively. These values are often regarded as very weak acidic
values. However, torrefaction of the precursors led to an increase in pH values beyond neutral
values to the very weak to the mild basic range. Therefore, it can be inferred that torrefaction
of SCG and CH improved their pH values. An increase in pH for both the precursors also
indicates a decrease in acidic functional groups in the torrefied solids, and a similar finding
was observed from the FTIR analysis. Owing to the Lewis acid nature of CO2 molecules, the
improvement of pH for both the precursors to the basic range could facilitate the CO> capture
process owing to acid—base interactions between the adsorbent (torrefied biomass sample) and
adsorbent (CO).
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Table 4.2: Ultimate, proximate and pH analyses of the precursors and torrefied biomass samples.

Precursor Torrefaction conditions Ultimate analysis (dry-basis) Proximate analysis (dry-basis) Atomic ratios
(Temperature-Time) C H N S o= Volatile Ash Moisture Fixed H/C o/C
(°C-h) (wt. %) | (wt. %) | (wt.%) | (Wt.%) | (wt.% matter (Wt.%) (Wt.%) carbon* pH
) (Wt.%) (Wt.%)
Raw material 48.5 5.9 2.8 06 | 406 | 777 1.7 2.7 179 | 143 | 063 | 6.8
200-0.5 50.5 5.6 2.8 0.2 36 75.3 1.9 2.2 206 | 131 ]| 053 | 7.1
200-1 51.6 5.5 2.9 0.1 33 74.6 2.1 1.9 214 | 126 | 048 | 7.2
250-0.5 56.3 5.4 3.3 01 | 256 | 711 2.2 1.8 249 | 113 ]| 034 | 74
250-1 58.6 5.3 3.3 01 | 221 | 704 2.7 1.7 252 | 107 | 028 | 7.7
Coffee Husk 300-0.5 60.3 5.0 33 01 | 176 | 648 3.1 15 306 | 099 | 022 | 83
(CH) 300-1 61.2 4.8 35 02 | 153 | 635 3.3 1.4 31.8 | 093 | 019 | 88
Raw material 50 6.7 2.3 09 | 390 812 0.9 3.3 14.6 16 | 060 | 55
200-0.5 52.8 6.6 2.2 006 | 373 | 797 1.07 35 15.7 15 | 053 | 56
Spent coffee 200-1 54.4 6.5 2.8 01 | 31| 783 1.1 2.5 181 | 145 | 048 | 59
grounds 250-0.5 56.3 6.3 2.4 003 | 335 | 732 1.3 2.2 233 | 137 ] 045 | 6.1
(SCG) 250-1 504 | 63 | 27 | 004 |301| 726 | 16 2.1 237 | 13 | 038 | 63
300-0.5 67.8 6.2 3.0 003 | 21 68.3 1.8 1.8 281 | 113 ]| 023 | 64
300-1 69.5 6.0 3.2 0.03 19 67.8 2.0 1.2 29 1.1 | 020 | 6.7
Lignite 61.9 4.3 0.9 - 16.4 - 8.5 - - 0.80 [ 0.20 -

*Calculated by the difference; O (wt. %) =100 - (C + H+ N + S + Ash) wt. %; Fixed carbon content (wt. %) = 100 - (Volatile matter +Ash + Moisture) wt. %
*Standard deviations for the pH measurements of the tested samples were £0.02; Values for lignite are obtained from Kim et al., (2017)
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Figure 4.3: Van Krevelen Plot of the precursors and torrefied biomass samples.
4.6.2 BET analysis of the precursors and torrefied biomass samples

A summary of the textural properties of the precursors and torrefied biomass samples is
presented in Table 4.3. As evident irrespective of the precursors, the torrefaction temperature
significantly influenced the specific surface area. The specific surface area for SCG-derived
torrefied biomass samples increased from 11 to 100 m? /g when the torrefaction temperature
and residence time rose from 200 °C for 0.5 h (mild) to 300 °C for 1 h (severe). A similar trend
in the improvement of the specific surface area was observed for CH-derived torrefied biomass
samples, as highlighted in Table 4.3. The specific surface area of CH-derived torrefied biomass
samples is within the range of 15-24 m?%/g for mild-severe treatment conditions. More porous
structure in SCG-derived torrefied samples when torrefied at 300°C and 1 h obtained could be
attributed to the removal of volatiles, tars, degradation of lignin and loss of oxygenated species
from the pores creating a network of void spaces in the carbon-matrix. A similar finding was
reported by (Sarker et al., 2020), where they have said that with increasing the harshness of the
torrefaction process conditions, the biomass structures rupture to produce a more porous

structure and higher specific surface area as evident from Table 4.3.
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Table 4.3: BET analysis of the precursors and torrefied biomass samples.

Samples BET surface area Total pore volume Mean pore size
(m?/g) (10**cm®/g) (nm)
Spent Coffee Grounds (SCG)

SCG 2.3 1.2 10.1

SCG-200-0.5 11 7.2 8.4

SCG-300-1 100 10.4 5.8

Coffee Husk (CH)

CH 3.5 2.4 23.1

CH-200-0.5 15 3.7 13.4

CH-300-1 24 55 8.1

4.6.3 Fourier Transform Infrared Spectroscopic (FTIR) Analysis

To determine the impact of torrefaction conditions on the chemical structure of the biomasses
and torrefied biomass samples, the Fourier transform infrared spectroscopy (FTIR) analysis
were conducted as shown in Figures 4.4 (a) & (b). The FTIR spectra of the biomasses and
torrefied samples heated up to 250 °C are almost similar in shape, owing to the absence of
significant changes in their chemical structure. However, the changes in the vibration intensity
of the FTIR spectra at 300 °C for 1 h (severe treatment conditions) are more pronounced than
precursors and torrefied samples synthesized at 200 and 250 °C. The characteristic peak at
around 3200—3400 cm ! characterizes O—H vibration (stretching), mainly in the lignocellulosic
component (cellulose). The peak reduced drastically and disappeared with increasing
torrefaction temperature due to partial dehydration and carbohydrate decomposition with
increasing severity of torrefaction conditions (Azargohar et al., 2019). The inception of the
peaks at around 2980-2850 cm ! is attributed to the presence of vibrations (stretching) of
asymmetric and symmetric aliphatic groups (C—H), which narrowed and disappeared in the
torrefied samples (Y. Chen et al., 2016). The band at around 1730 cm™ in both precursors and
torrefied biomass samples could be attributed to the carbonyl stretching (C=0) of acetyl,
carboxylic acid, aldehyde, or ketone groups in hemicellulose. It starts to disappear from 250
°C and with increasing temperature progressively to 300 °C and 1 h duration. The peak at
around 1730 cm™ is eliminated owing to the complete decomposition of the carbonyl group in
hemicellulose present in the torrefied biomass samples. This demonstrates that a chemical

change appears from the decomposition of hemicellulose and the disintegration of long-chain
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polysaccharides in the tested samples. The peak at 1620—1600 cm™* represents the aromatic
skeletal vibration of C=0, with no significant change in the vibrational intensity of this peak
observed at a lower range of temperatures (Jiang et al., 2021). The inception of the peak reveals
the aromatization of the torrefied samples. This characteristic reflects its stability in the

torrefied biomass samples and enrichment of lignin components.

Among all the build block components found in biomasses, hemicellulose is the most reactive
biopolymer due to its lack of crystallinity and lower polymerization (Okolie et al., 2021b).
Therefore, hemicellulose undergoes the most significant decomposition reactions during
torrefaction, as evident from the less intensified peaks at 300 °C for the respective torrefied
samples. From the spectrum presented in Figures 4.4 (a) & (b), it can be concluded that by
increasing the temperature to mild conditions (200 and 250 °C), the peaks are retained, but
under the severe torrefaction conditions (300 °C &1 h), noticeable changes in the spectra of the
tested samples are observed. The changes are attributed to the release of oxygenated species
mainly from the complete destruction of hemicellulose and the limited disintegration of

cellulose.
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Figure 4.4: FTIR analysis of precursors and torrefied samples at different temperatures (a) SCG (b) CH.
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4.6.4 Thermal stability analysis of the precursors and torrefied biomass samples

The TGA-DTG profiles for SCG and CH and the torrefied biomass samples are presented in
Figure 4.5. Moreover, the devolatilization profiles of the torrefied samples are shown in Figures
4.6 (a) & (b). The thermal decomposition pattern of the torrefied biomass samples differs from
that of the precursors, most significantly for the sample synthesized under mild to severe
torrefaction conditions (250 and 300 °C). From the DTG curve, the two prominent peaks
observed for the precursors overlapped for the torrefied biomass samples, and the peaks
represent the disintegration temperature of cellulose and lignin. Owing to the loss of
hemicellulose as the main lignocellulosic component at around 320 °C, the lignin content
increased in both the tested samples. Additionally, the decline in the rate of mass loss of the
torrefied biomass samples and the peak shifting to a higher temperature also indicated the
attainment of thermal stability of the torrefied biomass samples compared to the precursors.
Irrespective of the precursors, the thermal stability is attained under the severe torrefaction
conditions (300 °C and 1 h), and the CH-derived torrefied biomass sample is thermally more
stable than SCG.

As can be seen in Figures 4.5 and 4.6 (a) & (b), the thermal decomposition process of the
precursors and torrefied samples can be separated into three distinct stages. The first stage,
which occurs at a temperature of up to 200 °C, corresponds to dehydration and the removal of
light volatile matter content from the precursors. However, the mass loss associated with
dehydration was insignificant for the torrefied samples, confirming the tested samples'
hydrophobic nature compared to the raw precursor. The second stage occurs at temperatures
ranging from 200 to 500 °C. This stage is characterized by volatile pyrolytic combustion and

is termed the active phase (Ren et al., 2017).

Decomposition of the basic lignocellulosic building blocks, including hemicellulose (220-315
°C), cellulose (315—400 °C), and lignin (160—900 °C), occurred at this stage. This stage could
proceed in one or two phases depending on the torrefaction temperature. The first phase
corresponded to the combustion of hemicellulose and cellulose components within the
temperature range of 190—400 °C. Two visible peaks with maximum mass loss in DTG curves

can be observed in this stage, as shown in Figures 4.6 (a) & (b).
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Figure 4.5: TGA-DTG analysis of precursors (a) SCG and (b) CH.

The first peak corresponds to the degradation of hemicellulose at 322 °C with a maximum mass
loss rate of 1.02%/°C, and the second peak relates to cellulose degradation at 400 °C with a
maximum mass loss rate of 1.03%/°C. Moreover, the weight loss at the first phase was
approximately 70% for raw precursors, which decreased to about 30% for the torrefied 300
°C—1 h samples and corresponded to the maximum devolatilization process. It should be
observed that the decomposition of hemicellulose in the first peak had the highest reactivity
compared to cellulose and lignin for both the precursors. This indicates the high reactivity of
hemicellulose, as also confirmed from the FTIR analysis (section 4.6.3). Moreover, the peak
representing the decomposition of hemicellulose did not appear for the torrefied samples at 300
°C—1 h, which further highlights the loss and disintegration of hemicellulose during
torrefaction. The third stage (500—800°C) corresponded to char oxidation. Residue fixed
carbon is combusted in this stage, which has the lowest reactivity, and the mass-loss rate
declines. As seen in Figures 4.6 (a) & (b), no peak appeared in the DTG curve during this stage.
The decline in the rate of mass loss of the torrefied biomass samples and the peak shifting to a
higher temperature also indicated the attainment of thermal stability of the torrefied biomass
samples compared to the precursors. Irrespective of the precursors, the thermal stability is
attained under the severe torrefaction conditions (torrefaction temperature of 300 °C and longer
residence time of 1 h). The CH-derived torrefied biomass sample is thermally more stable than

SCG, owing to a lesser mass loss rate and peak shifting to a higher temperature.
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Figure 4.6: TGA-DTG analysis of the torrefied biomass samples at different torrefaction temperatures (a) SCG (b) CH.
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4.6.5 X-ray Photoelectron Spectroscopic (XPS) analysis

X-ray photoelectron spectroscopy is carried out to understand the impact of torrefaction
temperatures and residence time on the elemental composition and surface functional groups
in the torrefied biomass samples. Moreover, it also provides information on the qualitative and
quantitative analyses of the different amounts of elements in the torrefied biomass samples.
The findings of the survey scan for the respective torrefied biomass samples are presented in
Table 4.4. The elemental composition obtained from the wide survey scan of the tested samples
reveals a similar trend where the surface is dominated by carbon content (C1s), followed by
oxygen (O1s), nitrogen (N1s), and a small amount of Silicon (Si2p), irrespective of the
precursors. The XPS analysis findings complement the ultimate analysis (bulk) results (Table
4.2), where SCG-derived torrefied biomass samples were predominantly carbonaceous,
followed by CH-derived torrefied biomass samples synthesized at 300 °C for 1 h (Table 4.4).
The C content increased to 90.8-85.9 wt.% and O reduced slightly to 8.7-10.9 wt.% for SCG
and CH-derived torrefied biomass samples synthesized at 300°C-1h. The increase in C content,
a decline in O content and O/C demonstrate the carbonization, cracking of bonds,

aromatization, and decarboxylation during biomass torrefaction.

Table 4.4: Elemental composition of torrefied biomass samples from the XPS analysis.

Sample Cls O1s o/C N1s Si 2p
SCG-200-0.5h 84.9 15.3 0.14 1.3 2.2
SCG-300-1h 90.8 8.7 0.07 1.6 0.5
CH-200-0.5h 83.4 14.2 0.13 1.2 1.1
CH-300-1h 85.9 10.9 0.09 2.4 0.7

The deconvoluted C1s and O1s spectra of the respective precursors and the SCG and CH-
derived biochar at 300°C for 1h are shown in Figures 4.7 (a) & (b), respectively and the
variation in content obtained from the survey scan is presented in Tables 4.5 and 4.6. Azargohar
et al. (2019b) suggested the C1s spectra contain the following functional groups in the carbon
matrix: Peak (1) for aromatic /aliphatic sp? carbon (C-C/C=C/C-CHx) observed at B.E=284.1-
284.6 eV, Peak (I1) for sp3-C and C-O bonding at B.E=285.5-285.9 eV peak (I1l) for -C-OR
for ether and hydroxyls/phenol group (C-OH) observed at B.E=286.4 eV, and Peak (IV) for
C=0 for carboxylic acids or ester observed at B.E=288.0-288.8 eV. Also, Azargohar et al.
(2019Db) suggested the O1s spectra could be deconvoluted into three peaks; peak (1) at 531.2-
531.5 eV for carbonyl, ketone/lactone; peak (Il) at 532.04-532.3 eV for C-OH functional
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groups and peak (I11) at 533.3 eV for ether oxygen atoms in anhydrides and esters as both SCG

and CH are dominated by C-C/C-Hx functional groups. Also, the relative proportion of C-
C/C=C/C-Hx functional groups increased from 25.2-24.4 wt% to 34.3-31.0 wt% for SCG and
CH-derived torrefied samples, respectively, when the torrefaction conditions changed from

mild to severe conditions. The trend of increasing -C-C/C=C/C-Hx, confirmed the increment

in aromatic content and disintegration of aliphatic. On the contrary, the hydroxyl, carbonyl

and ester functional groups reduced with torrefaction harshness. These findings indicated the

occurrence of a series of dehydration and decarboxylation reactions releasing CO2 and H.O

during torrefaction and agree with the findings of the FTIR analysis (section 4.6.3).

Table 4.5: Deconvoluted C1s spectra of torrefied biomass samples.

Sample Peak I (C1) Peak 11 (C2) Peak 111 (C3) Peak 1V (C4)
284.1-284.7 eV 285.5eV 286.1 eV 288.0-288.8 eV
SCG-200-0.5h 25.2 28.7 40.4 8.7
SCG-300-1h 34.3 63.5 11.3 3.5
CH-200-0.5h 24.4 39.1 28.1 6.9
CH-300-1h 31.0 49.1 19.3 7.2
Table 4.6: Deconvoluted O1s spectra of torrefied biomass samples.
Sample Peak | (O1) Peak 11 (O2) Peak 111 (O3)
B.E (531.2-531.5eV) | B.E (532.04-532.3eV) B.E (533.3 eV)
SCG-200-0.5h 67.30 22.8 9.9
SCG-300-1h 47.03 44.7 8.3
CH-200-0.5h 60.4 29.3 1.3
CH-300-1h 39.2 59.4 2.7
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Figure 4.7: Deconvoluted spectra of SCG-300-1 and CH-300-1 (a) C1s and (b) O1s.
4.6.6 Mass and energy yield of the precursors and the torrefied Samples

The resultant mass yield, higher heating value (HHV), energy yield of CH and SCG, and
torrefied samples are summarized in Table 4.7. The results show that biomass exposure to
higher temperatures had significantly negative impact on the mass yield (wt.%) compared to
the residence time. For instance, at a constant residence time of 0.5 h, an increase in temperature
from 200 °C to 300 °C led to a decline in mass yield from 93.2 wt. % to 55.1 wt. % for SCG.
This behaviour could be because of the decomposition of volatile components into liquid and
gaseous products between 200 and 300 °C (Dai et al., 2019).
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It could also be attributed to the accelerated thermal degradation of the lignocellulosic
components mainly hemicellulose, without any significant degradation on cellulose or lignin
in precursors as also observed from the thermogram derived from the TGA-DTG analysis
(Acharyaet al., 2015).

Considerable decreases in the mass yield of torrefied CH and SCG to 48.1 and 54.3 wt.%,
respectively, were observed at 300 °C and 1 h of residence time. This finding implies that
approximately 51.9 and 45.7 wt. % of coffee residues degraded thermally as the temperature
increased and prolonged duration. Moreover, due to the inherent difference in composition, the
SCG had a superior solid yield compared to CH.

The energy yield ranged between 67.1-70.6% for SCG and CH-derived torrefied samples.
However, CH-derived torrefied samples have a superior energy yield compared to SCG
samples. It should be highlighted that the energy yield of the torrefied samples at all
temperatures was below 100% due to the loss in energy during the torrefaction process.
Additionally, from Table 4.7, it is evident that the energy density ratio improved for both the
precursors with increasing severity of the torrefaction. Fuel with high energy density is always
desirable. It will be less expensive in transportation and storage because it would occupy less
storage or unit energy for transportation. The HHV values of the torrefied solids also increase
with the severity of torrefaction conditions. Furthermore, when compared with the raw
precursor, torrefied solids have higher HHV values. The HHV values are widely represented
in the Van Krevelen diagram (Figure 4.3), where torrefied samples obtained at 300 °C and 1 h

were found at the lower end of the diagram, demonstrating an improved HHV.
4.6.7 Model Validation

Experimental data for mass yields and HHV values from SCG and CH torrefaction at different
torrefaction temperatures and residence times were used to validate the accuracy of the
torrefaction model in this regard. The model validation plots for mass yields from the respective
biomasses are presented in Figures 4.8 (a) & (b). It can be seen from Figures 4.8 (a) & (b) that
the experimental mass yield correlates with the model predictions at a lower range of
torrefaction temperature (200 °C). However, the model predictions are higher than the
experimental results for both the biomasses at mild-higher torrefaction temperatures (> 250
°C). The variation of solid yield (wt.%) exists between the experimental and model results at
higher torrefaction temperatures (> 250 °C) and could be attributed to multiple factors such as
the reactor type, execution of the torrefaction process, type of precursors, mass loss during
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biomass handling, product collection, temperature, and heating rate. Also, the model is not able
to predict the complete decomposition of hemicellulose that occurs between the temperature
range of 220-315 °C, which is responsible for drastic mass loss between 250-300 °C. On the
other hand, Figures 4.9 (a) & (b) compare the HHV values from the experimental and model
values. From Figures 4.9 (a) & (b), the HHV values from experimental data are close to the
model values, with a deviation of less than 7% observed at 300 °C. For the HHV values, the
deviations are relatively small and are permissible for engineering applications in the industries
for the generation of energy. Also, the trends for both HHV values and solid yields are similar
for the biomass samples. Therefore, the model could be used further to explain different
phenomena occurring during the torrefaction process but would need detailed information
regarding the lignocellulosic decomposition occurring between the temperature range of 200-
300 °C.

Table 4.7: Solid yield (%), HHV, energy density ratio, and energy yield (%) of the precursors

and the torrefied biomass samples.

Material Torrefaction conditions
(Temperature-residence time) Solid HHV Energy
(°C-h mass (MJ/kg, density Energy
Temperature Residence yield | dry basis) | ratio yield
(°C) time (%) (%)
(h)
Raw material Dried 100 18.3 1 100
200 0.5 93.3x1.7 19.3+0.7 1.05 97.9
200 1 89.6+1.2 | 20.03+0.5 1.09 97.6
Coffee 250 0.5 72014 | 23.8+0.9 13 93.6
?Cul_s")‘ 250 1 68.3t1.1 | 24+1.1 13 89.5
300 0.5 49.7+2.5 24.6x1.3 1.34 68
300 1 48.1+3.3 25+1.6 1.4 67.1
Raw material Dried 100 22.3 1 100
200 0.5 93.2+1.3 2320.5 1.03 96.5
Spent 200 1 90.4+1.6 23.620.3 1.06 95.6
coffee 250 0.5 786422 | 255+1.1 | 114 90
?;g‘g)ds 250 1 771221 | 257217 | 115 89
300 0.5 55.1+3.1 28.6+1.9 1.24 74.4
300 1 543129 | 30.3x1.6 1.3 70.6

The solid mass yield for SCG and CH were performed in triplicates and the average values are reported.
Similarly, the data reported for HHV are the average values of the triplicates. As can be observed for
the solid mass yield (wt.%) and HHV, the standard deviation was within +5 for both the biomasses.
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Figure 4.8: Model validation for mass yields (wt.%) during torrefaction of coffee residues for
(a) SCG torrefied solids and (b) CH torrefied solids.
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Figure 4.9: Model validation for HHV during torrefaction of coffee residues for (a) SCG

torrefied solids (b) CH torrefied solids.

4.6.8 Parametric Studies

The impacts of torrefaction temperatures on

the mass yield (wt. %) and HHV values (MJ/kg)

of the torrefied biomass samples are studied, and the modelling data obtained from process

simulation are presented in Figures 4.10 (a) & (b) for SCG and CH. The simulation was

performed at a temperature range of 200—300 °C. It should be noted that the effect of time was

less pronounced when compared to torrefaction temperature as evident from the findings

reported in the Table 4.7; therefore, the residence time was kept constant at 1 h.

80



"\:{: T T T 1 o I ] 26'“ H]“ T v T H T . I 1 I
o1 Finirnbidoiolok, [ 255 * ke k ok ek kK, 2 e
: *
=] - * L 25,0 =7 5 [J—Mass yield \ o 220
s [ &— Mass yield * S0 = |$8 A e “\ =
B y ** -5 | = | 2 - 21.8 [ =
z e = [S] % *QQ9 9 —
-~ 85 * S E oo N
E iy - 24.0 > .Eﬁ q * ] K‘K L 21.6 ;
= 1 -
2| g0 ot s || | 2] 85 ? g * =
S % L 214
= = 9 *,
B L 23.0 0.0 *\
k) 80+ / - 21.2
o Oo - 225 0-0 *\
70 00 Q/ Y 210
o [+ ] - 22.0 54 @
65 —7— 71— 77— 21.5 T T T T T T 20.8
180 200 220 240 260 280 300 200 220 240 260 280 300

Temperature (°C)

Temperature (°C)

Figure 4.10: Effect of torrefaction temperatures on the mass yield and HHV values derived from the modelling data (a) SCG torrefied biomass

samples (b) CH torrefied biomass samples.
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It can be observed from Figures 4.10 (a) & (b) that the mass yield remains almost the same at
a lower range of temperature between 200 and 250 °C for both the biomasses. However, when
the temperature rose above 250 °C, a significant decline in mass yield was observed for both
precursors. For example, the mass yield of SCG solid at 250 °C was reported as 96.7 wt.%.
Moreover, a rise in temperature to 300 °C led to a significant decline in the mass yield to
approximately 75.1 wt.% at 300 °C. Similarly, the mass yields of CH solids decreased from
97.3 wt.% at 250 °C to 77.5 wt.% at 300 °C. This behaviour of significant mass loss after 250
°C for both the biomasses can be attributed to the complete decomposition of hemicellulose
that occurs in the temperature range of 220-315 °C and partial decomposition of cellulose (315-
400 °C) and lignin (160-900 °C), also evident from the TGA-DTG thermogram of the

precursors and the torrefied biomass samples in Figures 4.5 and 4.6.

Regarding the HHV values, it was observed that there is a consistent increase in the HHV
values of the torrefied biomass samples with temperature, irrespective of the precursor type.
For instance, the HHV values of SCG solids rose from 22 MJ/kg at 200 °C to 23.7 MJ/kg at
300 °C. In the same way, CH solid HHV values increased from 20. 9 MJ/kg to 22.2 MJ/Kkg.
The increase in HHV values and the decline in mass yields with temperature confirm the trend
obtained from the experimental findings and analytical characterization results reported in the
previous sections. To understand why there is a significant decline in mass yields with
temperature and an elevation in HHV values, the yields of volatile components were also
simulated.

The change in volatile compound yields with torrefaction temperature is shown in Figure 4.11.
As shown in Figure 4.11, at temperatures between 200 and 250 °C for both biomasses, the
amount of volatiles decomposed is almost negligible. This explains why there is an increase in
mass yield at this temperature range. On the contrary, beyond 250 °C, a significant increase in
volatile compounds yield was observed. Maximum volatile compound yields of 11.9 and 6.2
wt % were obtained for CH and SCG, respectively.

The simulation result of volatile yield decomposition aligns with the TGA findings reported in
the previous section. Additionally, the increased HHV values of the torrefied samples could be
attributed to the change in their elemental compositions (CHNSO values) compared to the raw
precursors, as reported in Table 4.2. The C content of the torrefied biomass samples increases
when compared with the biomasses, although the oxygen (O )and hydrogen (H) content is

reduced. These changes in ultimate composition promote the elevation in HHV values. These
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findings are in agreement with the previously reported literature (Azargohar et al., 2019a ;
Bach et al., 2017).
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Figure 4.11: Effect of torrefaction temperatures on the decomposition of volatile compounds.

4.6.9 CO2 capture performance of torrefied samples

The CO- adsorption performance of SCG- and CH-derived torrefied biomass samples at 300
°C and 1 h was executed in a fixed-bed reactor at 25 °C under atmospheric pressure and in the
presence of 30 vol % CO: (balanced by N2). The breakthrough capture performance of the
tested samples is shown in summarised in Table 4.8 and demonstrated in Figure 4.12. As can
be observed from Figure 4.11, the adsorption of gases proceeds continuously until the point of
saturation is attained by the bed of torrefied biomass samples.

In general, under a similar capture scenario (25 °C and 30 vol % CO: balanced by N»), the
torrefied sample derived from SCG presents a higher adsorption capacity (0.38+0.03 mmol/g)
at equilibrium than that derived from CH (0.23+0.08 mmol/g).

Table 4.8: Breakthrough CO> adsorption performance of the torrefied biomass samples.

Sample Exhaustion time Adsorption capacity at 25 °C and 1 Standard
(min) bar (mmol/g) deviation
SCG-300-1 2.07 0.38 0.03
CH-300-1 11 0.23 0.08
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The physiochemical transformation of SCG-derived torrefied samples under severe conditions
(300 °C and 1 h) could probably account for a higher equilibrium adsorption capacity under a
similar capture scenario. It presents a comparatively porous structure, higher specific surface
area, and well-developed basic functional species on the surface of the SCG-derived torrefied
biomass sample. It had a significant impact on the capture performances. However, to improve
the CO> capture performance, the biomass needs further thermal treatment or chemical

functionalization to attract more CO2 molecules under the post-combustion scenario.
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Figure 4.12: Breakthrough CO; capture performance of torrefied biomass samples.

4.7 Conclusions

The study examined the impact of torrefaction temperature and residence time on the yield and
physicochemical properties of torrefied biomass samples derived from SCG and CH.
Furthermore, the performance of the torrefied biomass for post-combustion CO- capture was
evaluated. An increase in torrefaction of SCG and CH led to a rise in the carbon content of the
torrefied solids. On the contrary, the torrefied solids' hydrogen, sulphur, and oxygen contents
decrease with an increase in torrefaction temperature for both precursors. The decline in
hydrogen content with elevating torrefaction temperature could be attributed to the release of
lighter hydrocarbons during torrefaction. The experimental mass yields and HHV values were

compared with model results obtained from the Aspen Plus simulation. The experimental mass
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yield and HHV values correlates with the model predictions at lower torrefaction temperature
(200 °C). However, regarding the solid yield (wt.%) the model predictions are slightly higher
than the experimental results for both precursors at temperatures above 200 °C compared to
the model values of the HHV. Overall, this study shows that torrefaction influences the
physicochemical properties of biomass by increasing the carbon content, high heating value,
extended the specific surface area and thermal stability. In addition, XPS and FTIR results
proved that the conversion from "—C—O/-C=0" to "aromatic —C—C/=C" was the key point for
improving phenol and aromatic content in the torrefied biomass sample prepared at the severe
torrefaction conditions. The influence of the nature of precursors and are assessed in a fixed-
bed reactor at 25 °C and atmospheric pressure for CO2/N> feed stream. The surface chemistry
and developed pore structure facilitated the CO> capture for SCG (0.38 mmol/g) than CH (0.23
mmol/g) at the similar capture condition (25 °C and 30 vol% of CO: in N2). However, further
thermal treatment or functionalization of SCG under more severe conditions or
functionalization with nitrogenated species are imperative to develop the porous structure,
morphology, and tailor the surface of the carbonaceous adsorbent to improve the CO> capture
performance in terms of enhanced CO. adsorption capacity, selectivity of CO2 over N2, and

stability under a typical post-combustion scenario.

85



Chapter 5 Pyrolysis kinetics and activation thermodynamic parameters of spent coffee

grounds and coffee husk using thermogravimetric analysis

Most of the content of this chapter has been published as a research article in the Canadian
Journal of Chemical Engineering. The Wiley publication holds the copyright and the
permission to use the aforementioned article in this thesis has been obtained from Wiley as

presented in Appendix G.
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Mukherjee, A, Okolie, J. A, Tyagi, R, Niu, C, Dalai, A.K., (2021). Pyrolysis kinetics and
activation thermodynamic parameters of exhausted coffee residue and coffee husk using
thermogravimetric analysis, The Canadian Journal of Chemical Engineering, 99(8), pp. 1683-
1695.

Contribution of the Ph.D. Candidate:

Alivia Mukherjee did the following: (1) performing the experiments and analysing the
physicochemical properties of the precursor; (2) interpretation and validating the experimental
findings including modeling in Matlab and (5) writing the manuscript. Dr. Jude A. Okolie and
Ramani Tyagi helped with developing the model in Matlab. Dr. Ajay K. Dalai and Dr.

Catherine Niu supervised to draft the manuscript through discussions during this time.
Contribution of this chapter to the overall PhD research

The second objective and the subsequent sub-objective of the research is addressed in this
section of the thesis. This chapter provides the kinetic studies of slow pyrolysis of
lignocellulosic biomass precursors (SCG and CH). Evaluating the kinetic and thermodynamics
parameter were imperative to optimize the thermochemical conversion technique, slow
pyrolysis in this regard. The result provides basic understanding of the degradation pathway
and the effect of temperatures and heating rate on the mass loss during pyrolysis of biomass

feedstock, kinetics, and thermodynamics parameters.
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5.1 Abstract

Spent coffee grounds (SCG) and coffee husk (CH) are potential feedstock for energy
production through thermochemical and biochemical conversion processes. The Kinetics study
of SCG and CH is essential for the design and optimization of different thermochemical
conversion processes and can provide useful insights for the design of pyrolysis reactors. In
this study, four different iso-conversional methods were employed in the estimation of the
activation energy (Ea) and pre-exponential factor (A). The method used includes three integral
methods such as Flynn—-Wall-Ozawa (FWO), Kissinger—Akahira—Sunose (KAS), Kissenger
and one differential method; Friedman model. Data from the thermogravimetric/differential
thermogravimetric analysis (TGA/DTG) at varying heating rates of 5-20 °C/min in an inert
atmosphere were used in this study. It was observed that the heating rate influences the
pyrolysis parameters such as peak temperature, maximum degradation rate and initial
decomposition temperature. The activation energy for SCG using the FWO method was in the
range of 62.3-102.4 kJmol™. Likewise, the KAS and Friedman methods yielded activation
energy between 51.3-93.3 kJmol™? and 10.6-122.7 kJmol™, respectively. In addition, the
activation energy calculated for CH using FWO, KAS and Friedman methods were shown to
be ranged from 39.1-140.6 kJmol*, 27.7-131.6 kimol™ and 24.9-111.2 kJmol?, respectively.
The activation energy calculated using the Kissinger model was higher for both the precursors
and ranged from 141.7-162.1 kdmol™? for SCG and CH, respectively. The fluctuation of
activation energy with fractional conversion could be attributed to the interactions between the
lignocellulosic component's degradation of the feedstock and complex reaction pathway during
pyrolysis. Combining the kinetic study and thermodynamic parameters evaluation with the
physicochemical properties, we concluded that both SCG and CH have considerable bioenergy
potential for thermochemical conversion. However, SCG is a superior precursor in terms of
higher activity, energy requirement during the conversion and the physicochemical

characteristics than CH.
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5.2 Introduction

With rapid industrialization and urbanization because of population growth, coupled with
decreasing fossil fuels reserve, there is an urgent demand to develop alternative and sustainable
energy sources. Renewable energy resources such as wind, biomass, and solar energy have
some advantages over fossil fuels in terms of their environmentally friendly nature. Unlike
other renewable energy resources, biomass can produce liquid and gaseous transportation fuels
(Okolie et al., 2019). Furthermore, biomass is widely available and a cheap source of renewable
energy. Coffee residues are examples of waste biomass that can be utilized to produce liquid
transportation fuels to minimize waste disposal issues and the environmental challenges
associated with fossil fuel consumption. For instance, Coffee husk (CH) is the dried coffee skin
that is left behind during coffee roasting, while coffee pulp (CP) is obtained during the wet
coffee processing (Aristizabal-Marulanda et al., 2017). On the other hand, spent coffee grounds
(SCQG) is generated from the coffee brewing process through the production of instant coffee
with hot water. For every tonne (t) of fresh coffee consumed annually, about 0.18 t of CH is
generated. Additionally, the annual production of SCG was estimated at six million tonnes
worldwide (Mussatto et al., 2011). Reducing coffee by-products presents a severe
environmental challenge. On the other hand, the residues generated from the coffee industry
could be utilized as a potential feedstock for diverse applications. For instance, coffee residues
can be used as feedstock for biofuels and biochemical production, as a fertilizer and to produce
bioactive compounds (Janissen and Huynh, 2018).

Biomass can be transformed into biofuels and green chemicals through the thermochemical
conversions (e.g. torrefaction, slow-pyrolysis and gasification) and biochemical pathways (e.g.
anaerobic digestion and fermentation) (Okolie et al., 2020a). The thermochemical pathway
uses heat and chemical energy to decompose biomass compounds and organic waste into
sustainable fuels. Alternatively, microorganisms and enzymes are used to decompose biomass
into green fuels during the biochemical conversion pathways (Cai et al., 2017).
Thermochemical conversion routes have several advantages such as short residence time, high
conversion efficiency and the ability to use several feedstock (Patel et al., 2019). Compared to
all other thermochemical pathways, pyrolysis is of interest for the following reasons. First, it
can produce solid-residue (char), tar, aqueous phase (aerosols or vapour) and non-condensable
gas (syngas) from biomass feedstock. Secondly, the process is usually carried out in an inert
environment (Nitrogen or Argon), and it is mostly influenced by different operating factors

such as temperature, heating rate, type of feedstock, residence time, gas flow rate, moisture

88



content in the feedstock and particle-size of the precursor (Mishra and Mohanty, 2018). Finally,
the products obtained from pyrolysis can be readily stored, transported and used as a substitute
for fossil-based energy sources, which makes them highly attractive, especially when
concerning environmental-related issues especially global warming (Hu et al., 2016).

Since pyrolysis product yield and composition is highly dependent on the type and composition
of feedstock used together with the experimental conditions used in the degradation process, it
IS imperative to understand the reaction pathway and degradation mechanisms. Kinetic studies
of biomass provide information about the reaction mechanisms and pathways. Moreover, an
in-depth understanding of the pyrolysis kinetics of biomass is essential for the design and
optimization of thermochemical conversion reactors (Mishra and Mohanty, 2018).
Furthermore, kinetic analysis is useful for mathematical modelling and the optimization of
reaction conditions (El-Sayed and Mostafa, 2014). On the other hand, thermodynamic
parameter estimation provides valuable information for energy calculations and process
feasibility studies mainly form the engineering perspective.

Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) is a
widely used tool to investigate the thermochemical degradation of different biomass samples
and events during the combustion of biomass, gasification and pyrolysis processes. TGA is
well known as the most straightforward analytical tool to evaluate the kinetic parameters of
biomass feedstock. The thermogravimetric (TG) data provides measurements in terms of the
substrate mass and rate of devolatilization of biomass as a function of temperature and time in
a controlled non-isothermal environment (Zhang et al., 2016). A comprehensive weight-loss
profile during the thermal decomposition of biomass feedstock can be determined from TGA
analysis. Data from TGA analysis also provides useful information for the estimation of kinetic
parameters, which is critical for the modelling and understanding of different thermochemical
conversion systems (Cruz and Crnkovic, 2016).

To estimate kinetics parameters (e.g. pre- exponential factor and activation energy) using the
TGA analysis two methods are inherent: the non - isothermal and isothermal methods (Biagini
et al., 2017). The former method provides more accurate results in terms of activation energy
and pre — exponential factors. The non — isothermal method can be divided into two groups the
model-free methods and the model fitting method (Patel et al., 2019). The model — free
methods are easy to apply and more reliable with few errors during the evaluation of kinetic
parameters compared to the model-fitting method. Furthermore, they do not involve any model
assumption; instead, they apply different types of heating rate curves to evaluate the kinetic

parameters (Mishra and Mohanty, 2018). Some kinetic models based on the iso-conversional
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methods include; Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO), Kissinger and
Friedman methods. The iso-conversional methods have been utilized by several researchers to
study the kinetics of waste biomass (Huang et al., 2019; Cai et al., 2018; Kaur et al., 2018
Mishra and Mohanty, 2018; Cruz and Crnkovic, 2016; El-Sayed and Mostafa, 2014; Hu et al.,
2016; Zhang et al., 2016).

Although several studies have reported the pyrolysis kinetics of different agricultural residues
to the best of the authors' knowledge (Ashraf et al., 2019; Biagini et al., 2019; Ahmad et al.,
2017), there are limited data available for the kinetics of SCG and CH. With that, the objective
of this study is to investigate the thermal degradation and pyrolysis kinetics of SCG and CH
by using thermogravimetric/derivative thermogravimetric analysis (TGA/DTG) analysis
performed in an inert atmosphere. The iso- conversional methods of the Kissinger-Akahira-
Sunose (KAS), Flynn-Wall-Ozawa (FWOQO) and Friedman method were used to estimate the
Kinetics parameters. In addition, the activation thermodynamic parameters, including the
change in enthalpy (AH), Gibbs free energy (AG), and entropy (AS), were also evaluated. To
the best of the author's knowledge, there are minimal studies available that comprehensively
evaluate the pyrolysis kinetics, thermal behaviour, and thermodynamic analysis of SCG and
CH. This study provides a basis for future optimization of pyrolysis reactors and operating
parameters.

5.3 Materials and Method

5.3.1 Biomass collection and pre-treatment

The details regarding the biomass collection and pre-treatment are provided in Chapter 3
(section 3.1). Also, the methodology adapted to execute this research objective is schematically

shown in Figure 5.1

5.3.2 Proximate and ultimate analyses of biomass samples
The details regarding the proximate and ultimate analysis of the precursors are provided in
Chapter 3.

5.3.3 Calorific value

The theoretical higher heating value (HHV) of SCG and CH were determined following
Friedl's formula as shown in Eq. (5.1) (Friedl et al., 2005).

HHV (kJ/kg) = (3.55 x C?) — (232 x C) — (2230 x H) + (51.2 x C x H) + (131 x N) +

Where, the elemental compositions of C, H, and N are in wt. %.
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Figure 5.1: Schematic representation of the methodology adapted for research-objective 2.

5.3.4 Thermogravimetric analysis (TGA) of the precursors

The TGA-DTG analysis of the precursors are provided in detail in Chapter 3.

5.3.5 Sample Preparation for Fourier transform mid-infrared spectroscopy analysis

To prepare the homogenized SCG and CH samples for FT-MIR analysis, the samples were
diluted with potassium bromide (KBr) to attain about 1.1 —1.3% of the overall weight of the
samples. The procedure is performed by adding a mixture of biomass samples (5.0 — 6.5 mg)
and KBr (488.5 — 493.5 mg) to a polycarbonate vial (5 ml capacity). The vial contains eight
grinding balls of 2.6mm diameter and made with stainless steel. The vials were distributed
evenly into two Spex Sample Prep 2662 cryo-block which are cooled with liquid nitrogen for
10 min. This helps to attain the optimum sample brittleness for grinding. The Cryo-blocks were
then transferred to a Spex Sample Prep Geno/Grinder 2010 for grinding. Grinding was carried
out at 1250 rpm for 4 min. After grinding, the vials were transferred to a desiccator and left
there until the samples attained room temperature. The cooled samples were weighted to 98.5—
99.5 mg and transferred to a 13 mm die set. The samples placed on the top die were spread
evenly and flatted with the die set anvil. With a second 13 mm die placed over the first one,
another sample aliquot was spread on it. The prepared samples were pressed with an automated
hydraulic press for 3 s at 1.5, 4.0, and 5.5 tonnes. The final samples were placed into a sample

wheel for analysis.
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« FT-MIR Data collection and analysis

Agilent Technologies (Cary 670 series, Agilent Technologies Inc., CA, USA) microscope was
used to collect the FT — MIR data (Karunakaran et al., 2020). The microscope which is located
at the mid-IR beamline at the Canadian Light Source, Saskatoon, Canada was equipped with a
TriGlycine Sulphate (DLaTGS) detector and a bulk analysis accessory. To reduce interference
from CO2 and water vapor absorption bands the sample chamber was purged with dry nitrogen.
The MIR data were logged with a mean of 32 scans for each sample at a spectral range and
resolution of 4,000 to 600 cm—1 wavenumbers and 2 cm—1 respectively. Orange (version 3.13)
and OriginPro (Origin Lab Corporation, 2018) software were used in the spectral analysis and
plotting respectively. The FT-MIR spectral analysis using orange software was carried out
sequentially as follows: First, background correction was performed using the KBr spectrum
followed by 3-point smoothing.

After which normalization with the sample weights was performed. Following data
normalization, baseline correction was performed with rubber band (64 points) correction
algorithm. Partial least square regression (PLSR) method was used in the quantification and
prediction of structural sugars and lignin. The spectra information is compared with that of the
component’s concentration obtained from the reference methods.

The PSLR is a multivariate approach that is used to develop predictive models for highly
collinear factors. Since the number of samples evaluated by the reference methods for different
constituent differs, the PSLR models for each individual constituent were developed distinctly.
To determine the optimum number of PLSR factors, the singular value decomposition (SVD)
and full cross-validation were employed by the model. The calibration and validation sets were
selected randomly and repeated thrice to ensure the accuracy of the model.

5.4 Kinetic study

Devolatilization behaviour of lignocellulosic biomass is a complex process involving a series
of intermediate chemical reactions co-occurring at different phases. On the other hand, the
pyrolytic characteristic of biomass is proposed as a single conversion step in which the biomass
decomposes into volatiles and char as represented in Eq. (5.2).

k(T
Biomass (S) — Volatiles (gases + tar) + Char (S) (5.2)
Where, k(T) is temperature-dependent rate constant.
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For decomposition reactions such as combustion, pyrolysis or gasification, the reaction
progress can be measured by comparing the heat or mass deviations observed from the reacting
species. The conversion (o) can be represented in terms of their mass variation
(thermogravimetry) of reactant, as expressed in Eq. (5.3). Mass or heat variations can be
measured precisely using thermal analysis techniques such as the differential thermal analysis
(DTA), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). The
TGA often estimates the weight loss of a sample with elevating temperature. On the contrary,
DTG analysis measures the temperature variation between the samples and some reference
materials. Differential Scanning Calorimetry (DSC), on the other hand, is like DTA except that

it requires extensive measurement of heat flow into the sample.

a = Mo mr (53)

Mo— Mg
Where, mo denotes the initial mass of the reacting sample in mg and m¢ represent the final mass
of the reactant in mg and mr is the mass of the reactant at any temperature T.
The rate constant k (dependent on temperature, T) is usually defined in terms of activation
energy using the Arrhenius equation as follows in Eq. (5.4):

E

k(T = Aoexp_ﬁ (5.4)
Where, A, and Ea denote the frequency/pre-exponential factor (min™) and activation energy
(kJmol™), respectively, R and T stands for universal gas constant (Jmol*K™) and absolute
temperature (K), respectively. Similarly, the rate of chemical reaction is defined as the extent
of the thermal decomposition of the biomass as represented in Eq. (5.5). It should be noted that

Eq. (5.5) is a function of the conversion rate (o), temperature (T, K) and pressure (P, Nm™).
da

- = k(D f(@)h(P) (5.5)
From Eq. (5.5), the pressure term h(P) could be neglected. This is attributed to the insignificant
effect of pressure on most thermal decomposition processes (Vyazovkin et al., 2011). Thus,
Eqg. (5.5) can be expressed in terms of the conversion rate and temperature as presented in Eq.
(5.6):

da

= k(Df (@) (5.6)

dat

Combining Eq. (5.6) and Eq. (5.4) produces Eq. (5.7).

da _Ea

o = Ajexp R f(a) (6.7)
where, f (a) can also be referred to as the reaction model since it describes the rate of

conversion on the process itself. Assuming that the solid lignocellulosic biomass is found to
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obey the n'"-order kinetics during thermal degradation then f(o ) can be expressed as presented
in Eq. (5.8):

f(a)=(1- )" (5.8)
Where, 'n' represents the order of the reaction. Combining Eq. (5.7) and Eq. (5.8) gives a a
basis for differential kinetic equation that can be used for both non-isothermal and isothermal
temperature conditions that produce Eqg. (5.9):

E

da _ZA n

— = Apjexp RT (1 — ) (5.9)
: .. : : - - dT

However, for non-isothermal conditions with heating rate 'B 'in Kmin* also known as = ¢an

be expresses as Eq. in (5.10):

_da dr
p=2x 2 (5.10)

Combining Eqg. (5.9) and Eq. (5.10) yields Eq. (5.11) as follows:

d A
d‘: =Texp Rr(1 — a)" (5.11)

Equation 5.11 can be rearranged and expressed in the integral forms as shown below in Eq.
(5.12):

o da TAO

A
g(a)= 0m=fT Bexp RTdT— Of exp RTdT— 207A

EA P(x) (5.12)

Where, g(a) and P(x ) represent the integral conversion and temperature integral, respectively
and x = Ea/RT. The temperature integral 'P(x )' does not have an explicit solution; however,
the numerical approximation method proposed by various authors can be used to evaluate
P(x ). It is noteworthy to mention that the value of P(x) in Eq. (5.12) varies with the type of
approximation used.

In this study, four different iso-conversional models (Kissenger—Akahira-Sunose (KAS)
method, Flynn-Wall-Ozawa (FWQO) method, Kissinger's method and Friedman method) were
used to determine the kinetic parameters Ea (kJmol™?) and A, (s*) using the data derived from
the experimental data of TGA/DTG thermograms. Additionally, the iso-conversion methods
used in this study do not require a prior determination of reaction mechanism to estimate the

kinetic parameters of biomass decomposition.

5.5 Iso-conversional models
The iso-conversional methods are widely used in the evaluation of the activation energies. For

a given conversion of "a," the iso — conversional method can evaluate the activation energy
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with the assumption that the kinetics of the reactions does not depend on the heating rate.
Besides, the conversion of biomass into the required products is considered as a single-step

process (Damartzis et al., 2011).

5.5.1 Kissenger—Akahira-Sunose (KAS) equation

The Kissenger—Akahira-Sunose (KAS) method applies the Murray and White approximation
(Dhyani and Bhaskar, 2018) and P (x) is expressed as stated in Eq. (5.13).

P(x) =~ x"2%e™* (5.13)
Substituting Eq. (5.13) into Eq. (5.12) gives a final form of the relationship between heating

rate and temperature as presented in Eq. (5.14):

m(£)=m (%) - i (5.14)

The activation energy (Ea) can be determined by the slope of In (%) against (1/T) for the

specified value of conversion (a).

5.5.2 Flynn-Wall- Ozawa (FWO) equation

The FWO iso—conversional model is one of the most accepted methods used to estimate the
kinetic parameters. This method is based on Doyle's approximation (Doyle, 1965) (Dhyani and
Bhaskar, 2018) which can be expressed as shown in Eq. (5.15):

P(x) = exp (—2.315 — 0.4567x) (5.15)
Substituting the value of P(x) derived from Eq. (5.15) into Eq. (5.12) and rearranging results
gives the equation for the FWO model, as shown below in Eg. (5.16) and Eqg. (5.17):

n(B)= In (;;—’(if‘)) ~ 5331 - 1.052 2

(5.16)
In (B ) = constant — 1.052 % (5.17)

From equation (5.17), a linear plot of In (B) against 1/T would produce a slope of -1.052 Ea/R
from which the activation energy (Ea) value can be obtained for the corresponding conversion
value (a).

5.5.3 Kissinger's Method

Since most iso—conversional methods are unable to accurately predict the frequency factor (Ao)
the Kissinger method was used to estimate the frequency factor. Although Kissinger's method

uses multiple heating rates, a single value of activation energy is obtained (Kumar et al., 2019).
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Kissinger's method is easy to apply and has been used extensively in the determination of
frequency factor (Ao) and activation energy (Ea) by several researchers. The Kissinger equation

can be derived from Eq. (5.7), assuming that the maximum reaction rate condition is do?/dt? =
0.

Therefore, the equation is reduced to:
AgR E
il = m (2] - 519

Ea RTmM
Where, Tn, refers to the peak temperature obtained from the DTG curve.

From Eq. (5.18), a curve of the left-hand side of the equation versus the inverse of the peak
temperature (1/Tm) gives a slope of -Ea/R from which the activation energy (Ea) can be
evaluated. Similarly, the frequency factor, Ao, can be calculated from the intercept of the same
curve.

5.5.4 Friedman method

The method of Friedman is widely used for the determination of activation energy due to its
simplicity and accuracy compared to other iso-conversional methods (Huang et al., 2019). The
Friedman approach is sensitive to data noise therefore advanced data smoothening has been
used to improve the accuracy of the results. The locally weighted scatterplot smoothing
(LOWESS) method was employed to process the DTG curves of the pyrolysis of coffee
residues. An in-depth description of the smoothing procedure can be obtained from the work
of Simonoff et al. (1998)

The Friedman equation can be derived by taking the natural logarithm of Eq. (5.6) as follows

m|5] = ml4of(@)] - 22

(5.19)
Using Eq. (5.10), this equation reduces to:
|2 = mAof (@) ] - 22 (5.20)

From Eq. (5.20), with a specified conversion and series of TGA measurements at different

heating rates the values of activation energy Ea, and In [Af(a)) ] can be estimated. Kinetic
plots of In [B j—ﬂ versus 1/T provides a slope and intercept of -Ea/R and
In [Af(a)], respectively.

To apply the Friedman conversion method, the derivative conversion " j—? " data is required.

The derivative conversion is estimated by preforming a numerical differentiation of the

conversion data with the central difference method (Cai et al., 2018).

96



5.6 Evaluation of the thermodynamic parameters

The thermodynamic parameters evaluated in this study include the Enthalpy (AH), Entropy
(AS) and Gibbs free energy (AG). The thermodynamic parameters were calculated from the
following Egs. (5.21-5.23) (Kaur et al., 2018).

AH = E, — RT (5.21)

AG = E, + 1n(T§§f). RT

(5.22)

—AS = (=) (5.23)
b

From the Eqgs. (5.21) -(5.23) above,

Kg = Boltzmann constant (1.381 x 10 2*JK!); T, = Peak temperature (K) derived from the DTG
curve; h=Plank constant (6.626 * 103 I.s).

5.7 Results and discussions

5.7.1 Physicochemical properties of biomass samples

The proximate analysis of SCG and CH studied is presented in Table 5.1. It should be noted
that the results of the proximate analysis were presented on an as-received basis for both the
samples as well as the dried basis for SCG. Among the two coffee residues, SCG showed a
relatively high moisture content (47.1 wt %) and volatile matter (40.4 wt %). In contrast, the
ash content of CH is higher at 1.7 wt. % and volatile matter (77.7 wt. %). The fixed carbon
contents of SCG and CH are 11.6 wt. % and 17.9 wt. %, respectively. The data shown in Table
5.1 confirm that SCG contain very large amounts of moisture content at more than 40%. On
the other hand, both samples also contain low ash content which is desirable for
thermochemical conversion processes. High ash content in samples may cause fouling and
disposal problems. However, after the pre-treatment of SCG (oven drying) the moisture content
reduced to less than 5 wt% and eventually the volatile matter content and fixed carbon content
improved as shown in Table 5.1. High volatile matter content in both the precursors mainly
SCG is convenient for valorization through thermochemical conversion processes such as
pyrolysis, combustion and gasification (Kumar et al., 2019).

The ultimate analysis for both SCG and CH showed a relatively high carbon content of 50 wt.
% and 48.5 wt. %, and a considerable amount of hydrogen of 5.9 wt% (CH) and 6.7 wt %
(SCG), respectively. The findings on C and H content reveal the potential of coffee residues to

generate energy and fuels. Moreover, the low nitrogen and sulphur contents (< 3%) found in
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both coffee residues indicates that there will be relatively low production of toxic gases such
as NOx and SOx during pyrolysis.

The experimental HHV of SCG and CH were reported as 22.3 MJkg? and 18.3MJ kg*,
respectively. The high calorific values of both coffee residues are attributable to their lower
ash and higher volatile matter content. The calorific values of SCG and CH were estimated to
be higher when compared to the calorific values of agriculture waste such as rice husk (12.9
MJ kg1), wheat straw (14.7 MJ kg™ 1), rice straw (14.9 MJ kg™?), and corn cob (16 MJ kg™?)
(Biswas et al., 2017). The estimated HHV of SCG and CH also illustrates their suitability as
feedstock for green fuels and chemicals production through the thermochemical conversion
processes. Lignin content of SCG and CH is reported as 32.6+0.3 wt. % and 19.6+0.1 wt. %,
respectively. On the other hand, the structural sugar contents of CH (39.2+0.1 wt. %) is lower
than that of SCG (43.3+0.4 wt. %).

Table 5.1: Proximate, ultimate, and high heating value of spent coffee grounds and coffee
husk.

Analysis | SCG (as-received basis) | SCG (dried basis) | CH (as received)
Proximate analysis (dry basis, wt. %)
Moisture content 47.1+0.4 3.3+0.1 2.7+0.05
Volatile matter 40.4+0.13 81.2+0.1 77.7+0.23
Ash content 0.9+0.01 0.9+0.1 1.7+0.01
Fixed Carbon* 11.6+0.01 14.6+0.01 17.9+0.02
Ultimate analysis (dry basis, wt. %)
C 50.0+0.01 48.5+0.02
H 6.7+0.05 5.9+0.01
N 2.5+0.03 2.8+0.01
S 0.9+0.001 0.6+0.03
O** 39.0+0.10 40.6+0.01
Chemical structure/composition
43.3£0.4 39.2+0.1

Structural Sugar
Total Lignin 32.6+0.3 19.6+0.1
Higher heating value (HHV) (MJ/KkQg)
Experimental HHV 22.3 18.3

Theoretical HHV*** 20.4 19.6

*Fixed carbon (wt %) is calculated from the equation: FC wt. % = 100 — (M + VM + Ash)
**0Oxygen (O, wt %) is calculated from the equation: O wt. % =100 — (C + H+ N + S + Ash)

*** The Theoretical HHV value was computed by Friedl’s formula.
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5.7.2 Thermogravimetric analysis of biomass samples

The thermogravimetric analysis includes the change in weight of the sample with respect to the
reaction temperature and time during the pyrolysis process. The curves ascertained the change
in the physical and chemical structure in feedstock occurring during the thermal degradation
of biomass. The thermal decomposition behaviour of SCG and CH were studied with
thermogravimetry (weight loss, TGA) and derivative thermogravimetry (rate of weight loss,
DTG) analyzer at a constant heating rate of 10 °C/min in an inert atmosphere of N2 under non-
isothermal condition. Figure 5.2 shows the weight-loss behaviour of the biomasses with respect
to the pyrolysis temperature (TGA) and the subsequent derivatives of the TGA curves (DTG)
for SCG and CH, respectively. The TGA and DTG curves were analyzed to elucidate the
pyrolytic and thermal decomposition behaviour of SCG and CH. As can be seen in Figure 5.2
(@), the pyrolysis characteristics of SCG and CH is a similar but a complex process where three
different pyrolytic stages are detected. As shown in Figures 5. 2 (a) & (b), SCG and CH exhibit
a similar devolatilization pattern with initial thermal decomposition starting at 150°C.
Additionally, three different pyrolytic stages were observed. The first stage, which occurs at a
temperature up to 230°C, could be attributed to the loss of moisture, decomposition of minerals,
and degradation of low molecular weight compounds due to the hygroscopic nature of SCG
and CH (Mallick et al., 2018). Weight loss of approximately 4 wt.% and 3 wt.% were observed
during the first stage of the dehydration of SCG and CH, respectively. Lower retained moisture
content (<10%) both in SCG and CH makes them potential feedstock for combustion.

The second stage of weight loss occurs at a higher temperature of 240-460 °C for SCG and
220-450 °C for CH. This stage is also known as the active pyrolytic stage. In the active pyrolytic
zone, most of the thermal transformation happens with the fragmentation of higher molecular
weight compounds into smaller molecular compounds and the evolution of the highest amounts
of gaseous compounds such as CO, CO2, Hz, and CH4. With the increment of the pyrolysis
temperature from 240 — 460 °C, the yield of residual solid has a declining trend. This stage is
equivalent to the loss of hemicellulose, cellulose, and a small amount of lignin in biomass
samples.

Among the two coffee residues, the highest weight loss was recorded for SCG (66%),
compared to CH (59%). Owing to high volatile matter, hemicellulose, and cellulose content in
SCG (dried), which undergoes thermal degradation in the active pyrolytic zone, the percent

mass loss is higher compared to that of CH.
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The last stage of thermal decomposition occurs at temperatures of 560-800°C for SCG and
CH. This stage corresponds to the endothermic thermal degradation of the crystalline part of
cellulose and lignin. However, the degradation rate at this stage is much slower compared to
other stages and could be attributed to the recalcitrant nature of lignin, indicating that no
appreciable mass conversion reactions took place in the passive pyrolytic zone. Total mass loss
of 14% and 19 % of the original weight was found for SCG and CH, respectively, in the passive
pyrolysis zone. Lignin is a complex polymeric substance consisting of phenylpropane
molecules and highly branched C-H groups. As a result of its complex structure and recalcitrant
nature, lignin is tough to degrade. From the thermogravimetric curves it is evident that most of
the thermal conversion happened at the active pyrolytic zone and at the temperature range of
230-460 °C for both coffee residue.

The DTG curves of SCG and CH are illustrated in Figure 5. 2 (b). The DTG thermographs of
the two coffee residues differ in height and peak positions. This indicates that the difference in
physicochemical properties (ultimate, proximate, and chemical composition) of the two coffee
residues. Moreover, the distribution of the inorganic and organic components could also affect
their thermal decomposition behaviour. From the DTG curves, a two-step degradation is
evident for both coffee residues. The first shoulder peaks observed from the DTG curves at
220°C for SCG and 215 °C for CH correspond to the decomposition of hemicellulose. It is
linked with the loss of hemicellulose as it decomposes in the temperature range of 220-315 °C
(Biswas et al., 2017). On the other hand, the maximum peaks at around 355 °C and 351°C for
SCG and CH, respectively, correspond to cellulose decomposition. Cellulose undergoes
thermal decomposition at temperature range of 315-450 °C (Soysa et al., 2016). Finally, lignin
decomposition has a broad temperature range from 200-500°C and is indicated by the peak at
the flat tailing section of the DTG curves.

DTG thermographs peaks confirm the results from TGA analysis indicating that hemicellulose
decomposes at lower temperature ranges, followed by cellulose decomposition, lignin
decomposes at a higher temperature above 400 °C with char (solid-residue) formation which
might undergo aromatization at this range of temperature (Mishra and Mohanty, 2018).
Furthermore, the height of the DTG curves is different for the precursors which reflect that it

is influenced by the lignocellulosic composition and their thermal decomposition.
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Figure 5.2: (a) TGA profiles of spent coffee grounds (SCG) and coffee husk (CH) at a constant
heating rate of 10 °C/min, (b) DTG profiles of spent coffee grounds (SCG) and coffee husk
(CH) at a constant heating rate of 10 °C/min.

5.7.3 Effect of heating rate on the thermal decomposition of biomass samples

The effect of heating rate () on the pyrolytic behaviour and the thermal degradation pattern of
SCG and CH were analyzed in a non-isothermal condition under varying heating rates and inert
atmosphere (N.) are depicted in the TGA-DTG profiles in Figures 5.3 (a) & (b) and Figures
5.4 (¢) & (d). Four different heating rates of 5, 10, 15 and 20 °C/min were comprehensively
studied with their TGA and DTG results presented. As revealed in Figures 5.3 (a) & (b) and
Figures 5.4 (c) & (d), the heating rate influences the maximum peak temperature (Tpeak),
decomposition rate, and the maximum weight loss of the samples. The Figures 5.3 and 5.4
demonstrates that with the increasing heating rates the initial and final temperature in the
pyrolysis region increases to the higher range. However, the thermal decomposition profiles of
SCG and CH at all heating rates remains the same. This shows a similar degradation pattern
and reaction mechanism for all heating rates. Furthermore, with elevating heating rate, the
thermal decomposition is observed to approach the higher temperature zone as observed in
Figures 5.3 (b) & 5.4 (d), respectively.

The DTG curves in Figures 5.3 (b) & 5.4 (d) indicate that the pyrolysis characteristics
temperature of the active pyrolytic zone (second stage) rises with increasing heating rate for
SCG and CH. Furthermore, from Figures 5. 5 (a) & (b), the temperature at which 5% of the
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sample weight is converted (Tse) and maximum weight loss temperature (Tpeak) increases with
elevating heating rate. Similarly, the maximum decomposition rate rose from 3.7-15 wt % min
! for SCG (Figure 5.3 (b)) and 3.0 to 12.1 wt. % min for CH (Figure 5.4 (d)). Kumar et al.,
(2019) observed similar results during the pyrolysis kinetic studies of Ru/Fe impregnated
banana pseudo stem. At elevated heating rate of 20 °C/min, the authors observed a shorter
residence time for the Ru/Fe impregnated banana pseudo stem samples. Furthermore, there was
an increase in the temperature required for organic matter decomposition. The authors
attributed this behaviour to the low heat conductivity of biomass samples. As a result of the
low heat conductivity of biomass samples, longer time is required for heat conduction of the
particle from the external surface to the interior; therefore, a temperature gradient could be
formed throughout the biomass cross-section during heating (Kumar et al., 2019). This leads
to a slow heat transfer and reduction in heat transfer efficiency at elevated heating rate. Several
researchers described that a lower heating rate is suitable for improved heat transfer in biomass
samples. During the pyrolytic degradation of biomass at low heating rates, secondary reactions
like re-condensation, re-polymerization along with cracking reactions generates char/tar
formation resulting in less weight loss (Kumar et al., 2019).

However, this is not the case in our study. Pyrolysis process is controlled by kinetics together
with heat and mass transfer. In the present study, we evaluated the pyrolysis kinetics using data
from TGA, where a small mass (about 12 mg) of the sample were heated in a TGA analyzer.
The residual mass of the samples as well as the surrounding fluid temperature were measured
over time, with the surrounding fluid temperature assumed to be the same as the surface
temperature of the sample (negligible inter-particle mass transfer). However, in evaluating the
pyrolysis kinetics, we assume that the mass of the sample is so small that heat transfer
limitations are negligible. As a result, heat transfer limitations are not included in the model.
Therefore, degradation of the biomass samples is controlled by the kinetics. Regardless, it is
important to note that in most practical applications, heat transfer limitations could still play a
major role and will need to be considered. A higher heating rate also promotes the formation
of gases and lower char during thermal degradation of SCG and CH due to the low heat transfer

and temperature gradient.
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Figure 5.3: TGA and DTG profiles of spent coffee grounds (SCG) at different heating rates 5-20 °C/min: (a) TGA profiles of SCG (b) DTG
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5.7.4 Kinetic Analysis

Understanding of the reaction kinetics of the biomass pyrolysis is an essential parameter to
design a system effective for the thermochemical conversion of biomass. In this study, the
kinetics parameters, including apparent activation energies (Ea, kimol™) and frequency factors
(Ao, s1) were estimated through the model-free methods such as FWO, Friedman, KAS and
Kissinger’s method. Three different iso-conversional methods (FWO, Friedman and KAS)
were used to evaluate the activation energies from the straight-line slopes, while the intercept
obtained from the Kissinger method provided a basis for the determination of the frequency
factor. The thermogravimetric curves (TGA) obtained at varying heating rates of 5-20 °Cmin
! for SCG and CH were used together with Egs. (5.14), (5.17), (5.18) and (5.20) to calculate
the kinetic parameters against each fractional conversion starting from 0.1 to 0.7. The model-
free methods were also used to study the relationship between the activation energy (Ea),

conversion (o)) and frequency factor (Ao) for both SCG and CH.

Figure 5.6 and Figure 5.7 shows the linear least square regression plots for FWO, KAS and
Friedman model at progressing conversion rates. The plots of FWO and KAS models for both
coffee residues show a similar trend while that of Friedman is slightly different. For both coffee
residues (SCG and CH), the conversion used ranges from 0.1-0.7. It should be noted that the
conversion rate lower than 0.1 and higher than 0.7 was not used in this study as a result of their

non-linear characteristics and lower value of the correlation coefficient (R?).

Moreover, all the model used in the present study showed a very good fit with the experimental
data. This is verified with the value of the correlation coefficient (R?), which is above 0.9 at all
the conversion range studied except for the Friedman method at 0.7 conversion. The high value
of the correlation coefficient also shows the accurate prediction of the activation energy in this
study. Compared to the KAS and Friedman iso—conversional method, the FWO exhibited
superior R? for both SCG and CH leading to a better fit for pyrolytic reactions.
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Tables 5.2 and 5.3 show the estimated kinetics parameters (Ea and Ao) for SCG and CH,
respectively, at different conversion range from 0.1-0.7. As shown in Table 5.2, the activation
energy for SCG using the FWO method was in the range of 62.3 — 102.4 kJmol-1. Likewise,
the KAS and Friedman method yielded activation energy between 51.3-93.3 kJ mol™ and 10.6—
122.7 kJ mol?, respectively. Moreover, as shown in Table 5.3, the activation energy for CH
using FWO, KAS, and Friedman method are reported as 39.1-140.6 kJ mol?, 27.7-131.6 kJ
mol™* and 24.9-111.2 kJ mol™, respectively. However, the activation energy evaluated using
the Kissinger method was in the range of 141.7-162.1 kJmol-1 for SCG and CH, respectively.
An increasing trend in the activation energies for both SCG and CH was observed during the
initial stages of pyrolysis. With the increasing conversion, the activation energy falls. The rise
and fall of activation energy is attributable to the endothermic and exothermic nature of
complex reactions under inert atmosphere. The variation in activation energies with respect to
conversion of SCG and CH could also be attributed to the different pyrolysis kinetic behaviours
and percentage of cellulose and hemicellulose and lignin present in each compound, together

with their collective interactions (Kaur et al., 2018).

Low volatile matter and high fixed carbon content in biomass samples contributes to low
reactivity thereby increasing the activation energy. Volatile matter can be defined as the
quantity of condensable vapor and permanent gases that is evolved when biomass is heated
(Cai et al., 2018) Increase in volatile matter indicates improved reactivity while a low volatile
matter requires more activation energy. On the other hand, the amount of fixed carbon in
biomass samples represents the solid combustible residues left behind after heating the samples
and removing volatile matter. Therefore, biomass samples with high fixed carbon contents
would also require high activation energy for the formation of products during pyrolysis. Kaur
et al., (2018), have reported similar observations in the case of Castor oil. In another study by
Ashraf et al., (2019) the authors reported the activation energies of two coals Dukki Coal (DC)
and Chamalang Coal (CC) and four different agricultural residues Corn Husk (CH), Falsa Stick
(FS), Rice Husk (RH) and Sunflower Disc (SD). The activation energies (Ea) were in the order
of CC <DC < SD < RH < FS < CH. The superior activation energy (Ea) of CH was attributed
to its low volatile matter and high fixed carbon contents compared to coal and other agricultural

residues.
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Table 5.2: The kinetic parameters obtained from the iso-conversional method using the fitted equation for spent coffee grounds (SCG).

Feedstock: SCG
o FWO method KAS method Friedman method
Ea (kJmol?) Ao (s7) R? Ea (kJmol?) Ao (s1) R? Ea (kJmol?) Ao (s1) R?
0.1 102.4 1.1x10° | 0.9924 93.3 1.5x 10 | 0.9911 122.7 1.1 x 10" | 0.9957
0.2 125.2 1.8 x 10 | 0.9998 115.8 2.2x10'° | 0.9998 134.9 1.5 x 10* | 0.9967
0.3 127.7 3.1x 10! | 0.9998 118.1 3.6 x 101° | 0.9997 109.1 49x10° |0.9942
0.4 116.1 2.3x10'° | 0.9983 106.1 2.6 x10° | 0.9979 82.4 1.3x 107 | 0.9937
0.5 99.7 6.1 x 10% | 0.9976 89.5 6.3x 107 | 0.9969 56.3 3.4x10* | 0.9893
0.6 77.4 41x10° | 0.9956 66.8 3.7x10° | 0.9938 36.9 3.6 x 10> | 0.9997
0.7 62.3 1.3x10° | 0.9998 51.3 1.1 x 10* | 0.9995 10.6 3.8x10' | 0.7596
Average 101.6 7.2 x 1010 - 91.6 8.7 x 10° - 90.4 2.3x 101 -
Kissenger 141.7 5.4x 102 | 0.9643
Table 5.3: The kinetic parameters obtained from the iso-conversional method using the fitted equation for coffee husk (CH).
Feedstock: CH
o FWO method KAS method Friedman method
Ea (kJmol?) | Ao (s?) R? Ea (kJmol?) | Ao (s?) R? Ea (kJmol?) Ao (s?) R?
0.1 140.6 1.6 x 10* | 0.997 131.6 2.4 x 101 | 0.9966 111.2 3.1x10° 0.7814
0.2 138.0 9.3x 10! | 0.995 128.7 1.3 x 10* | 0.9943 125.9 7.0 x 10%° 0.9858
0.3 136.7 6.9 x 101 | 0.9899 127.1 9.1 x 10*° | 0.9884 121.3 2.6 x 10%° 0.9713
0.4 128.4 1.2 x 10! | 0.9826 118.6 1.5x 10% | 0.9797 90.4 3.1x 10’ 0.9205
0.5 102.7 49x10% | 0.9626 92.6 5.7x10" | 0.9543 80.0 3.7 x 108 0.9124
0.6 57.7 2.8 x10* | 0.9829 45.9 1.9x 10 | 0.9823 77.0 1.9 x 108 0.97154
0.7 39.1 4.1x10% | 0.9517 21.7 2.8x 10" | 0.9102 24.9 1.4 x 10! 0.8087
Average 106.2 4.8 x 1011 - 96.0 6.7 x 1010 - 100.9 1.4 x 1010 -
Kissinger 162.1 3.6 x 10 | 0.9488
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The apparent kinetic parameters for SCG and CH are evaluated from the average of the kinetic
parameters (activation energy and frequency factor) for four different heating rates. In the
present study, the apparent activation energy obtained for SCG is 101.55 kJ mol?* (FWO
method), 91.56 kimol™ (KAS method) and 90.4 kmol (Friedman method). On the other hand,
the apparent activation energy evaluated for CH is slightly higher at 106.2 kJmol-1 (FWO
method), 96.0 kJmol-! (KAS method) and 100.1 kJmol-1 (Friedman method). The average
activation energies for both coffee residue were found to be lower compared to the apparent
activation energies of Para grass (189.54 kimol™ ) (Ahmad et al., 2017) tobacco waste (118-
257 kJmol™) (Wu et al., 2015) and rice husk (221-229 kJmol™) (Braga et al., 2014). Activation
energy defined as the minimum amount of energy that is required for a reaction to proceed or
to produce an activated complex. Activation energy is also an essential criterion for the
determination of a fuel reactivity (Gai et al., 2013). Since fuel reactivity plays a significant
role in gasification and pyrolysis, it is crucial to understand the extent and relationship between
activation energy and conversion during pyrolysis. It is almost impossible to start reactions
with high activation energy as increased value demonstrates that the rate of reaction is slow.
However, the lower activation energy of the biomass is desirable for co-firing with various
other biomasses having either very lower or higher Ea-values to enhance the energy efficiency
of the process. Therefore, SCG is seen as a superior fuel compared to CH. Furthermore, since
the activation energy of biomass is strongly dependent on the pyrolysis mechanism, it could be
stated that both SCG and CH has a different reaction mechanism during pyrolysis.

For both SCG and CH, the apparent activation energy calculated using the Friedman method
is lower than that of the FWO and KAS method. Friedman's way is a more efficient approach
to estimate the activation energy because the technique does not require any assumptions or
approximations. Furthermore, Friedman approach uses a relatively straightforward differential
form of kinetic law. Although, the method has some limitations such as baseline error and the

sensitivity of instantaneous heat to experimental noise.

The relationship between conversion and activation energy estimated from the Friedman, KAS
and FWO method is illustrated in Figure 5.8. The trend in the variation of activation energy
with conversion is similar for KAS and FWO methods for SCG and CH (it increased from 0.1-
0.3 and started declining). On the contrary, the Friedman method showed a slight deviation
because the activation energy using this method for both coffee residues started declining from
0.3 conversion. It should be noted that the activation energy versus conversion plot could be

useful towards the prediction of the nature of the reaction (e.g., reversible, independent,
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competing or consecutive reactions). The process is likely to contain a rate-controlling or single
dominant reaction when there is a slight deviation of activation energy with conversion (Ma et
al., 2015). However, if the activation energy is strongly dependent on the conversion as in the
case of this study, then the reaction could be an independent, consecutive, or competing
reaction (Kumar et al., 2019). Moreover, a decrease of activation energy with conversion is an
indication that the reaction is endothermic, followed by an irreversible step. On the other hand,
a rise in activation energy with conversion is an indication of an exothermic reaction (Kaur et
al., 2018).

As shown in Figure 5.8 (a), the apparent activation energy for SCG rises at conversion value
of 0.1 — 0.2, following by a decrease with increasing conversion for Friedman method. For the
KAS and FWO method, the activation energy rises to a maximum value at the conversion of
0.3 before decreasing gradually until conversion of 0.7. In Figure 5.8 (b), for CH feedstock,
there is no increase in activation energy for KAS and FWO methods; instead, the maximum
value was at the lowest conversion of 0.1. Moreover, the Friedman method displayed a similar
trend as that of SCG. The initial increase in activation energy shows the presence of
endothermic reactions. The fluctuation of activation energy with conversion by the KAS, FWO
and Friedman method reported in the study was similar to that of palm kernel (Ma et al., 2015)
hazelnut husk (Ceylan and Topgu, 2014) and castor (Kaur et al., 2018). The average activation
energy obtained from SCG, and CH is compared with the existing literature values (Ea
evaluated using the FWO method), as shown in Table 5.4. The values of Eaas 102.4 kJmol*
(SCG) and 140.6 kJmol? (CH) are relatively lower than that of the listed lignocellulosic

biomass.

Furthermore, the presence of multiple peaks and convolutions in the plots in Figure 5.8 (a) and
(b) could be attributed to the difference in the thermal characteristics of components (e.g.
cellulose, hemicellulose, lignin and extractives) present in SCG and CH. Each individual
component decomposes at different thermal conditions and varying conversion steps (Ma et
al., 2015). The fluctuation of activation energy with conversion by the KAS, FWO and
Friedman method reported in the study was similar to that of palm kernel (Ma et al., 2015),
hazelnut husk (Ceylan and Topcu, 2014) and castor (Kaur et al., 2018). ). The average
activation energy obtained from SCG, and CH is compared with the existing literature values
(Ea) evaluated using the isoconversional methods, as shown in Table 5.4. Referring to the

Table 5.4, the Ea as derived from the isoconversional methods (FWO, KAS and Friedman
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methods) were in the range of 90.4-101.6 kJmol™ for SCG and 96.0-106.2 kJmol for CH and

were relatively lower than that of the listed lignocellulosic biomass samples.

The frequency (pre-exponential factor, A) factor determined with SCG in this study ranges
from 1.1 x 1004-8.7 x 1009 s* (KAS method), 1.3 x 1003-3.1 x 1011 s* (FWO method) and
3.8 x 1001-1.5x 1012 s (Friedman method) presented in Table 2. Similarly, CH yields a
relatively higher frequency factor in the range of 2.8 x1001-2.4 x 1011 s (KAS method), 2.8
x 1004-1.6 x 1012 s* (FWO method), and 1.4x 1001-7.0 x 1010 s (Friedman method)
presented in Table 5.3. Pre-exponential factor (A) is an essential factor that describes the solid
phase reaction chemistry, and its evaluation is required to optimize the biomass pyrolysis
reaction. Lower value of exponential factor less than (<1009 s?) is an indication of a solid
phase surface reaction. Moreover, a relatively high value of frequency factor illustrates a
complex reaction (Kaur et al., 2018). Analogous to the activation energy, the variation of the
frequency factor against conversion could also be attributed to the varying biomass
composition and series of complex reactions occurring during biomass pyrolysis attributable
to the complex structure of the biomass.
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Figure 5.8: Change in activation energy with conversion for different the iso—conversional methods for (a) spent coffee grounds (SCG) (b) coffee

husk (CH).
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Table 5.4: Comparison activation energies (average Ea) of coffee residue calculated using different iso-conversional methods with data reported

in the literature.

Activation energy (average, Ea kJ mol?)

Biomass samples FWO method KAS method Friedman method Reference
Spent coffee grounds (SCG) 102.4 91.6 90.4 Present study
Coffee husk (CH) 140.6 96.0 100.9 Present study
Coffee grounds (CGR) 241 244 -N/A- (Fermoso, 2018)
Rice Husk (RH) 109.4
Corn husk (CH) 98.2

- -N/A- (Ashraf et al., 2019)
Sunflower disc (SD) 113.3
Falsa Sticks (FS) 103.6
Ducky coal (DC) 129.8
Banana pseudo-stem (BS, raw sample) 116.2 113.4

= (Kumar et al., 2019)

Banana pseudo-stem (Bs-Ru) impregnated 73.3 68.2 N/A-
Banana pseudo-stem (Bs-Fe) impregnated 86.8 82.3
Pine sawdust 179.3 171.7 168.6
Sal sawdust 156.6 148.4 181.5 (Mishra and Mohanty, 2018)
Areca nut husk 179.5 171.2 184.6
Castor (Ricinus Communis) 167.1 165.9 -N/A- (Kaur et al., 2018)
Prosopis juli-flora 203 204 -N/A- (Chandrasekaran et al., 2017)
Hazelnut husk 131.0 127.8 -N/A- (Ceylan and Topcu, 2014)
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5.7.5 Thermodynamic Parameters estimation

Besides the estimation of kinetic parameters, the determination of the thermodynamic
parameters is also essential for energy calculations and process feasibility studies of pyrolysis
process. The evaluation of the thermodynamic parameters of SCG and CH are also necessary
for a well-designed large-scale reactor for Coffee residue-based pyrolysis process.
Thermodynamic estimation provides information on the variation of enthalpy (AH, kJmol™),

entropy (AS, Jmol™), and Gibbs energy (AG, kimol™?) with conversion.

Enthalpy (AH) changes a measurement of the variance in energy among the reagents and the
stimulated intricate substance. It is referred to as the energy needed to dissociate reactants
bonds. Enthalpy also represents the total heat content of a system. For thermochemical
conversion reactions such as pyrolysis, enthalpy can be defined as the overall amount of energy
consumed by the biomass during its transformation to different products such as biochar, bio-
oil and syn-gas. The lower difference between the enthalpies (AH) and apparent activation
energies (Ea) is desirable as it favours to overcome the potential energy barrier with ease which
is essential to produce intermediate products (activated complex) followed by the final product
(Ahmad et al., 2017). The changes in enthalpy (AH) with conversion for SCG and CH at each
conversional fraction are presented in Tables 5.5 and 5.6. For all the three iso—conversional
methods (KAS, FWO and Friedman), a slight deviation in enthalpy values with increasing
conversion could be attributed to the difference in energy between the reagent and activated
complex. The lesser the energy difference, the more tendency is to form the activated complex.
The average enthalpy obtained using the KAS, FWO and Friedman method were reported as
91.1 kJ mol?, 101.3 kdmol™ and 85.2 kimol™* respectively for CH. On the contrary, SCG has a
lower average enthalpy value of 86.9 kimol?! (KAS), 99.1 kJmol* (FWO) and 76.6 kJmol™
(Friedman). The highest value of AH is obtained at conversion ranges of 0.1 — 0.3 for both the
feedstocks as shown in Figures 5.9 (a) and (b). This implies that increased heat is needed for
the pyrolysis of SCG and CH at values of conversion ranging from 0.1-0.3. The value of
enthalpy (AH) is almost ~ 4-5 kJmol™ lower for both SCG and CH when compared to the
apparent activation energies at each conversion using the FWO, KAS and Friedman methods,
respectively. This smaller difference reflects that the pyrolysis reaction was occurring,
disintegration of biomass was easier, and the product formation was feasible in an energy-

efficient ambience.

116



Table 5.5: The thermodynamic parameters as a function of temperature for spent coffee

grounds (SCQG).
KAS Model
Conversion AH (kJmol?) *AG (kJmol?) *AS (Jmol?)
0.1 88.6 146.4 -102.3
0.2 111.1 145.4 -60.7
0.3 113.4 145.3 -56.4
0.4 101.5 145.8 -78.2
0.5 84.8 146.6 -109.2
0.6 62.1 148.0 -151.9
0.7 46.6 149.2 -181.6
Average 86.9 146.6 -105.8
FWO model
Conversion AH (kJmol™?) *AG (kJmol™) *AS (Jmol™)
0.1 100.0 146.0 -81.3
0.2 122.8 145.0 -39.3
0.3 125.3 144.9 -34.7
0.4 113.7 145.4 -56.0
0.5 97.3 146.1 -86.3
0.6 74.9 147.3 -128.0
0.7 59.9 148.3 -156.4
Average 99.1 146.1 -83.1
Freidman model
Conversion AH (kJmol?) *AG (kJmol?) *AS (Jmol?)
0.1 120.3 145.1 -43.9
0.2 132.6 144.6 -21.4
0.3 106.6 145.6 -69.1
0.4 80.0 147.0 -118.5
0.5 53.9 148.8 -167.9
0.6 34.5 150.7 -205.6
0.7 8.14 156.6 -262.7
Average 76.6 148.4 -127.0

*Values are calculated using Tmp at heating rate of 10 °C/min
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Table 5.6: The thermodynamic parameters as a function of temperature for coffee husk (CH).

KAS Model
Conversion AH (kJmol?) *AG (kJmol?) *AS (Jmol?)
0.1 126.7 150.83 -40.75
0.2 123.8 150.94 -45.84
0.3 122.2 151.00 -48.67
0.4 113.7 151.34 -63.62
0.5 87.8 152.54 -109.54
0.6 41.0 155.97 -194.38
0.7 22.8 158.44 -229.33
Average 91.1 153.01 -104.59
FWO Model
Conversion AH (kJmol™?) *AG (kJmol™) *AS (Jmol™)
0.1 135.7 150.5 -25.1
0.2 133.1 150.6 -29.5
0.3 131.8 150.6 -31.9
0.4 123.5 151.0 -46.4
0.5 97.8 152.1 -91.6
0.6 52.8 154.9 -172.5
0.7 34.2 156.8 -207.2
Average 101.3 152.3 -86.3
Freidman Model
Conversion AH (kJmol?) *AG (kJmol?) *AS (Jmol?)
0.1 106.3 151.7 -76.7
0.2 121.0 151.1 -50.8
0.3 116.4 151.2 -58.9
0.4 85.6 152.7 -113.5
0.5 75.1 153.3 -132.1
0.6 72.1 153.4 -137.5
0.7 20.1 159.0 -234.8
Average 85.2 153.2 -114.9
*Values are calculated using Tmp at heating rate of 10 °C/min
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Figure 5.9: Change in enthalpy with conversion for different iso-conversional methods: (a) spent coffee grounds (SCG) (b) coffee husk (CH).
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Gibbs free energy (AG) represents the overall rise in the system energy for the formation of
activated complex (Sheng et al., 2014; Kim et al., 2010). Where, higher AG values indicate that
the system requires more energy to undergo the thermal transformation and lower value of AG
implies that at lower energy supply, the product formation will be favored. The average AG
values for SCG calculated by KAS, FWO and Friedman models are 146.64, 146.11 and 148.35
kJmol?, respectively (Table 5.5). On the other hand, CH has an estimated average AG values
of 153.01 kdmol-1 (KAS), 152.33 kimol* (FWO) and 153.18 kimol? (Friedman method). It
should be noted that the difference in the average AG values for SCG and CH were not very
significant. The average AG for both SCG and CH is lower compared to Para grass (170 kJmol-
1), rice straw (164.6 kimol™) and rice bran (167.17 kJmol™?) (Ahmad et al., 2017). This finding
reflects the bioenergy potential of SCG. The entropy of a system measures the degree of
randomness or disorderliness of the reacting system. The array of carbon layers formed in the
biochar is explained through the entropy (AS) of the pyrolysis of biomass. It was observed from
Tables 5.5 and 5.6 that the entropy values for both SCG and CH are negative for all the
fractional conversion from 0.1-0.7. This implies that the degree of randomness of the products
from bond dissociation is less than that of the starting reactants and indicates that the thermal
equilibrium was achieved. Moreover, the low value of entropy could be because of the material
passing through some chemical or physical changes to approach thermodynamic equilibrium.
The positive values of Gibbs free energy (AG) and negative values of entropy (AS) at each
conversion implies that the thermal degradation of SCG and CH is a non-spontaneous process.

5.8 Conclusions

The pyrolysis kinetics of spent coffee grounds (SCG) and coffee husk (CH) were
comprehensively studied using TGA data. Model-free iso-conversional approach such as
Kissinger, KAS, FWO and Friedman method were used to calculate the apparent activation
energies and pre-exponential factors. The TGA analysis of the two samples shows that the
degradation pattern of SCG and CH exists in three different stages of weight loss. The first
stage is attributed to the loss of moisture and volatile components. The second stage of weight
loss, also known as the active pyrolytic zone, occurs at a temperature of 240 — 460 °C for SCG
and 220-450 °C for CH. This stage corresponds to the loss of cellulose and hemicellulose. The
last stage at higher temperatures is attributed to the lignin decomposition. Higher content of
lignin in SCG led to a slower degradation thermal decomposition observed as two significant
mass-loss peaks in the DTG curve that distinguished from CH attributed to the lower content

of lignin. The effect of heating rate was significant mainly at higher heating rate (20 °C/min)
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where the thermal decomposition approached higher temperature irrespective of the nature of
the nature of the precursors. The difference in the pyrolysis characteristics of SCG and CH can
be attributed to the difference in molecular weight, varying composition and structure of the
inherited hemicellulose and cellulose and lignin in the feedstock. The average activation energy
calculated for SCG were 101.6 kimol™* (FWO method), 91.56 kimol™* (KAS method) and 90.4
kJmol™? (Friedman method). On the other, the activation energy evaluated for CH is slightly
higher at 106.2 kJmol? (FWO method), 96.0 kimol? (KAS method) and 101 kJmol™
(Friedman method). However, the activation energy value derived from the Kissinger’s method
was in the range of 141.7-162.1 kJmol™ for SCG and CH, respectively. This fluctuation in the
activation energy comes from the interaction hemicellulose, cellulose and lignin. Lower values
of activation energy at each fractional conversion of SCG implies that the thermal conversion
can take place in an energy-efficient ambience reflecting their feasibility of valorization
through pyrolysis than CH. Thermodynamic estimation shows that the degree of randomness
of the products from bond dissociation is less than that of the starting reactants. From a
thermodynamic parameter perspective, the findings showed a small difference between the
activation energies and enthalpy at each conversion using all the model free iso-conversional
models. This reflect that the pyrolysis reaction of the coffee residues is endothermic in nature.
The correlation coefficient (R?) for each output showed a good agreement between the
experimental and predicted values (R?=0.99). With higher volatile content, high heating value
(22.3 MJ/kg), activation energy (90.4-101.6 kJmol ™), Gibbs free energy (146.11-148.35 kimol-
1), entropy (-127 Jmol™?), lower content of N (2.3 wt%) and S (0.6 wt%) of SCG compared to
CH have shown that it has higher potential for adsorbent production than CH and can also be
exploited as a feedstock for the production of biochar, bio-oil or other gaseous products, cost-

effectively and in an energy-efficient manner.
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Chapter 6 Carbon dioxide capture from flue gas in biochar produced from spent coffee

grounds: Effect of surface chemistry and porous structure

Most of this chapter's content has been published as a research article in the Journal of
Environmental Chemical Engineering. Elsevier holds the copyright, and the permission to use

the article mentioned above in this thesis has been obtained from Elsevier (see Appendix G).
Citation:

Mukherjee, A., Borugadda, V. B., Dynes, J. J., Niu, C., & Dalai, A.K. (2021). Carbon dioxide
capture from flue gas in biochar produced from spent coffee grounds: Effects of surface
chemistry and porous structure, Journal of Environmental Chemical Engineering, 5(9), p.
106049.

In addition, some portions of this chapter were presented at the following conferences, poster

presentations and 3 Minutes Thesis Competitions (3MT) (presented in Appendix A).
Conference Presentations:

Mukherjee, A., Borugadda. V.B., Niu C., & Dalai, A.K., "Preparation of exhausted coffee
residue derived biochar for breakthrough carbon dioxide adsorption at different temperatures:
Effects of surface chemistry and porous structure on the sorption performance,” oral
presentation at American Chemical Society-Spring: ACS 2021, virtual conference, April 5-
30™, 2021.

Mukherjee, A., Niu C., & Dalai, A.K., "Preparation and optimization of biochar obtained from
exhausted coffee residue for post-combustion carbon dioxide capture in a temperature swing
adsorption unit: Effects of surface chemistry and textural properties,” oral presentation at
Molecules to Materials—MTM 2020, virtual conference, Department of Applied Chemistry,
SVNIT, Surat, Gujarat, India, December 17-18", 2020.

Poster Presentations:

Mukherjee, A., Borugadda, V.B., Niu C., & Dalai, A.K., “Valorization of exhausted coffee
residue for post-combustion carbon dioxide capture” poster presentation at Canadian Light
Synchrotron, Annual Users’ Meeting (CLS-AUM 2020), Saskatoon, Saskatchewan, Canada,
October 7-8™., 2020.
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Mukherjee, A., Niu C., & Dalai, A.K., "Spent coffee grounds for carbon dioxide capture: A
holistic approach to tackle climate change™ poster presentation at 1st Engineering Graduate
Research Conference (1% EGR), Saskatoon, Saskatchewan, Canada, September 23, 2019.

Contribution of the Ph.D. Candidate

Alivia Mukherjee did the following: (1) planning, performing experiments and conducting
analyses of precursor and biochar samples; (2) analyzed the experimental findings and related
data; (4) calibrated the bench-scale CO; adsorption set-up (5) interpretation and validated the
breakthrough CO> capture performance (5) writing the manuscript. Dr. Venu B. Borugadda
helped with the NEXAFS measurements performed at the Canadian Light Source (CLS,
Saskatoon) and reviewed the manuscript mainly with the NEXAFS section. Dr. James J. Dynes
helped validate the NEXAFS analysis's experimental findings. Dr. Ajay K. Dalai and Dr.
Catherine Niu assisted in planning the work, coordinated the manuscript preparation through

supervision and discussions.
Contribution of this chapter to the overall Ph.D. research

The third objective of the research is addressed in this chapter (Chapter 6). Evaluating the
influence of pyrolysis temperature on the physicochemical characteristics of biochar are
imperative to comprehend its effect on the development of porosity, formation of surface
functional groups, aromatic structure, and its candidacy towards CO; capture performance. The
study intended to provide an understanding of the impact of pyrolysis temperature on the
product yield and physicochemical characteristics during pyrolysis of SCG in an inert
environment. Furthermore, the results helped comprehend the role of textural properties,
surface chemistry and aromatic structure of the corresponding biochar samples on CO; capture

performance in the CO2/N> feed stream and CO- adsorption mechanism.
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6.1 Abstract

Coffee is a relevant agricultural product and one of the most consumed hot beverages globally.
To assess the impact of pyrolysis temperatures (400-600 °C) and heating rates (5 to 20 °C/min)
on the biochar yield and textural characteristics, spent coffee grounds (SCG) was subjected to
slow-pyrolysis in a pilot-scale fixed-bed reactor set-up. Further, complementary spectroscopic
and textural analyses were executed to evaluate the impact of pyrolysis temperatures on the
corresponding biochar surface properties, including textural characteristics, reactivity, and
surface functionalities. The correlation of pyrolysis temperature with change in biochar’s
surface properties and CO> mitigation efficiency is examined. The ultimate analysis, FTIR
spectroscopy, 3C-NMR spectroscopy and Raman scattering measurements confirmed an
increment in the degree of aromaticity or decomposition of organic complexes in biochar. The
development of basic surface functionalities after the thermal treatment was ascertained by
XPS and NEXAFS analyses. Based on the surface composition and textural properties, the CO>
adsorption capacity of biochar synthesized at 600 °C was assessed under varying adsorption
temperatures and at ambient pressure employing a fixed-bed reactor. SCG-600 showed a large
CO; uptake of 2.8 mmol/g under a typical post-combustion scenario in this investigation. CO>
adsorption mechanism followed the pseudo-first-order kinetics and lower activation energy
over varying investigated temperatures reveals the binding process is physical in nature. SCG-
600 could be proposed as a promising biochar with a combination of higher surface area, well-
developed microporous structure, and heterogeneous and basic surface functional moieties to

meet the specific requirements in dynamic CO- adsorption.
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6.2 Introduction

The enormous population growth is coupled directly with economic development, rapid
urbanization, and industrialization. Conventional energy sources, such as fossil fuels, are
predominantly used to quench and serve almost 81.7% of world energy needs (Afolabi et al.,
2020). The consumption is predicted to increase monotonically to approximately 112.2 million
barrels per day in a decade (Mohanty et al., 2013). Growing concerns about shrinking fossil
fuels to fulfil the world’s increasing energy consumption have led to increased fuel costs
(Shalini, 2018). Additionally, the global environmental issue is triggered by harnessing
excessive fossil fuels and the release of greenhouse gases (GHGs), mainly CO2, owing to
anthropogenic activities that have gained massive public attention due to their potential
environmental threat. There are many pieces of evidence to explain that the surplus of
atmospheric CO2 (< 410 ppm) has become a critical issue in recent times due to global warming
and climatic consequences that cannot be over-emphasized (Mukherjee et al., 2019). The
progressive rise in the worldwide energy demand and environmental concerns is predicted to
thrive significantly and in close quarters with the increased global population (Fakayode et al.,
2020). Therefore, with the looming predicted future exhaustion of these conventional energy
sources and the worldwide interest shifted to unconventional eco-friendly energy strategies to
reduce over-reliance on fossil fuels. To abate adverse environmental impacts and quest for a
cleaner environment to offset GHGs emissions simultaneously triggered the scientific and
researcher community with post-combustion carbon capture as one of the promising techniques
in the scenario of the least-cost effort and maximum efficiency (Chiodo et al., 2016). The
primary facility of building a post-combustion CO> capture technology is that it could be easily
retrofitted to any existing gigantic technologies with a lower risk of implementation and

compromise (Ismail et al., 2020; Yadavalli et al., 2017).

Biomass feedstock derived from the organic or living origin is the world’s most promising,
clean, carbon-neutral, sustainable energy resource and inexhaustible carbon source.
Lignocellulose-based biomass could be a promising substitute for conventional fossil fuels
attributed to their low sulphur and nitrogen contents that reduce the emission of acidic
pollutants and air toxics, followed by uniform distribution, abundant availability and CO>
neutrality (Biswas et al., 2017). The agro-industrial waste and forest residue are the most
common biomasses. They are of interest because of their advantages such as high availability,
no competition with arable lands, renewable nature, engineering reusability, and cost-

effectiveness. Pyrolysis is one of the most alluring fuel processing techniques conducted under
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an inert atmosphere (N2) at high temperatures (400-700 °C), exploiting complex organic
compounds (long polysaccharides) (Wang et al., 2018; Cai et al., 2017). It is an emerging time-
saving technology for the proper management of biomass. One of the main aspects of pyrolysis
is the conversion of carbonaceous feedstock into three main pyrogenic products; biochar, bio-
oil and light hydrocarbon gases that could be further valorized (directly or indirectly) into a
higher energy-dense product. Biochar production from biomass feedstock is possibly a
reasonable approach to climate change mitigation of greenhouse gases and waste management
(Wang et al., 2018).

After petroleum products, coffee (commercially explored species: Coffea arabica L./Coffea
canephora) is one of the largest commodities traded globally and the most widely consumed
brewed beverages prepared from the roasted bean in the world (Yen et al., 2005). One instance
of residual biomass (3rd-generation) with adverse impacts on the environment is the spent
coffee grounds (denoted as SCG), which is the residue/by-product obtained after the brewing
process of the coffee beans. Due to the current production and consumption pattern, substantial
quantities of SCG have been generated annually (which retains around half of the total mass of
coffee feedstock) in a commercial or domestic context and present a significant disposal
challenge (Hernandez Rodiguez et al., 2018). SCG, an agro-waste material is typically
discarded in landfills or incinerated, causes severe environmental problems due to the
disintegration and potential release of toxic and residual caffeine, tannin, lipids, and methane
contaminants, thus contributing to adverse impact on the environment and climatic change.
Owing to its high organic content and availability, the thermochemical conversion of such
ecologically and economically efficient biomass is in the hierarchy of proper waste
management that could reduce its environmental impact (Edathil et al., 2018). Regarding the
challenges posed by SCG, it could be a renewable source of biochar production that could be

further explored for post-combustion CO> capture, generation of biofuels or as catalyst support.

Pyrolysis of SCG for biochar preparation has been proved as a useful way of agricultural
management and has remarkable environmental benefits owing to its unique physicochemical
characteristics that could be further utilized for CO> sequestration. However, pristine biochar
can generally perform better under high initial feed CO2 concentration/ partial pressures
limiting its usage under a typical post-combustion scenario. To improve the CO2 capture
performance under post-combustion conditions, it is proposed to tailor the surface
functionalities by nitrogen-containing compounds or oxygen functional moieties. In this

regard, Xu et al. (2019) investigated the impact of N-doped biochar synthesized from bagasse
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(BG) and hickory chips (HC) on the sorption performance of CO.. In their investigation, they
found that BMHC450-N (ball-milled hickory chips 450-N doped biochar sample) showed
improvement in the CO. adsorption performance by 31.6-55.2% in comparison to pristine as
well as ball-milled biochar. The enhancement in CO. sorption performance is attributed to the
presence of N-related groups (amine and nitrile groups) on the surface of BMHC450-N,

favouring the interaction between Lewis acid (CO3) and the basic surface species.

Additionally, Nguyen and Lee (2016) synthesized N-doped biochar beads from chicken
manure (AMBC) by ionic gelation technique and studied the effect of HNO3 and sodium a-L-
gulopyranuronateon on CO> removal. They reported the maximum removal of 10.2 mmol/g
using the as-prepared AMBC beads at 20°C and 20 vol% of CO2 concentration. The presence
of nitrogenated or oxygenated basic functional species in the parent material or functionalized
biochar could substantially affect the CO, removal efficiency owing to the Lewis acid and basic

interaction.

The literature on pyrolysis of SCG as the organic substrate to capture CO. under post-
combustion scenarios is scarce. Therefore, in the present investigation, the specific aim was to
propose a strategy to utilize SCG as the model organic substrate to synthesize biochar through
the slow-pyrolysis technique and systematically study the impact of pyrolysis temperatures
(400-600 °C) and heating rates (5-20 °C/min) to tune biochar yield and textural properties. To
further elucidate the impact of pyrolysis temperature, biochar samples were further subjected
to characterizations using complementary analytical techniques for envisaging the role of
surface functionalities, reactivity (proximate, ultimate, TGA, FTIR, B®C-NMR, XPS and
NEXAFS analyses), structural properties (XRD analysis) and textural characteristics (specific
surface area, pore-volume and pore-size distribution). Additionally, the CO: capture
performances of biochar synthesized at 600 °C (SCG-600) were thoroughly conducted under
varying adsorption temperatures (30-90°C) at a fixed initial CO2 concentration (30 vol% of
inlet CO. balanced by N2) under ambient pressure in a fixed-bed bench-scale reactor set-up.
Also, to explore the impact of thermal treatment on the CO> mitigation efficiency, a series of
CO: adsorption was performed using the as-synthesized adsorbents under similar dynamic
post-combustion conditions (30 °C and 30 vol% of inlet CO2 balanced by N2). Additionally,
the kinetic parameters and activation energy were assessed to examine the nature of the CO>
adsorption mechanism and the strength of the interaction between the promising adsorbent
(SCG-600) and CO2 molecules.
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6.3 Materials and Methods
6.3.1 Biomass collection and pre-treatment

The details regarding biomass collection and pre-treatment of SCG are provided in detail in
chapter 3 (section 3.1). The methodology adapted to execute this research objective is
schematically represented in Figure 6.1.
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Figure 6.1: Schematic representation of the methodology adapted for research-objective 3.
6.3.2 Slow pyrolysis set-up and biochar production

The specification of the fixed bed reactor for slow pyrolysis is presented in table 3.1 and the
schematics is presented in Figure 3.1. In this regard, per batch of an experiment, 10 £ 0.5 g of
dried SCG with medium sized particle fraction (dso = 522 um) was used and was held on a
supported glass-wool. The thermal treatment was conducted under a constant inert atmosphere
of N flow protection purged at 100 mL/min, controlled, and monitored by using a mass-flow
controller (MFC). Once stabilized at the predetermined temperature (400—-600 °C) maintaining
the final temperature for 1 h, then the reactor was cooled down in presence of N2 and the
exhausted gases were cooled by circulating cold water. The resultant biochar samples were
cooled naturally to ambient temperature (25 £ 5 °C) inside the furnace and were stored in a
glass container to avoid any contamination or absorption of moisture for further analyses and

CO:> adsorption experiments. The corresponding pyrolysis biochar samples were labelled
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X/
L X4

according to the peak pyrolysis temperature: SCG-400, SCG-500, and SCG-600. The biochar
yield is calculated using the following Eq. 6.1 (Cheng et al., 2020):
Biochar Yield (%) = (Mbiochar/MscG) *100 %0.....ccveiveeieiiiiieiiieiesiesieeiens (6.1)

where, Mbiochar and Mscg are the mass of corresponding biochar and dried SCG, respectively.
6.3.3 Characterization of the precursor and biochar samples

Diverse complimentary analytical techniques were used to analyse the physicochemical
properties of the precursor and the corresponding biochar samples as presented in detail in
section 3.6 of the previous chapter (chapter 3).

C1s Near-edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)

NEXAFS analysis was done to better comprehend the chemical composition and characteristics
of biomass and the biochar samples (SGM, CLS, Saskatchewan, Canada) (Shahkarami et al.,
2015). For sample analysis, average values were calculated from triplicate measurement with
a standard deviation of less than +5%. s

Samples preparation on gold-coated Si wafers for NEXAFS analysis

C K near-edge X-ray absorption fine structure for SCG and pyrolyzed SCG at 400, 500, and
600 °C were obtained on an 11ID-1 beamline at the Canadian Light Source (CLS) located at
the University of Saskatchewan. SCG and pyrolyzed SCG at 400, 500, and 600 °C were mixed
with deionized water (1-2 mg/mL) in 1.5 mL Eppendorf vials to acquire a slurry. Further, the
vortex mixer was used to uniformly disperse the fine solid particles and wet the slurry. After
ensuring the complete mixing, using a pipette an aliquot of 4 - 6 uL was deposited on gold (Au)
coated silica (Si) wafers that were fixed to the sample plate using double-sided carbon tape and
vacuum dried at room temperature to remove the water.

Sample measurement for NEXAFS analysis

C (1s) NEXAFS spectra were acquired for SCG and pyrolyzed SCG via slew scanning mode
on spherical grating monochromator (SGM) beamline at CLS that was designed for high-
resolution soft X-ray spectroscopy. The prepared sample plate was loaded into a high vacuum
chamber (1e” torr); while recording the spectra the ring current was filled to 250 mA for every
8 h. The beamline was configured for a resolving power of ca. 7500 at the C K-edge and the
photon energy was scanned from 270 to 300 eV with 0.1 eV resolution and a dwell time of 0.5

s. Ten different spots were measured (60s per spot) on each sample to ensure that the resulting
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spectra were identical. Total electron yield (TEY') was collected by monitoring the drain current
for all the samples at beam spot size 100 pm?. Background measurements were collected at the
photon energy range of 270 to 300 eV for gold (Au) mesh for normalization. The processed

data were averaged for ten scans and divided with Au data to plot against photon energy. C
(1s) fine structures were characterized according to the peak assignments in Table 6.1. Cody
et.al. (1998) reported that C (1s) NEXAFS region beyond 290 eV transitions incline to be broad
and overlay with each other; therefore, the main transitions (1s-n*) and transitions after 290

eV (1s-c*) were also used to interpret the outcomes of the fine structures.

Table 6.1: C 1s NEXAFS assignment of peak energies, bond types, and transitions of SCG
and SCG derived biochar samples.

Nature of the C Bond Type Transition Peak energy | Fit position
(eV) (eV)

Aromatic c=C 1 s-m* 283 - 284.5 284.3
Quinone
Aromatic C with | C=C-OH 1s-n* 286 — 287.4 286.6
substituent C=0

R-(C=0)-R!
Carboxylic R-COOH 1s-3p/c* 288 — 288.7 288.4

CO0O

C=0

6.3.4 Breakthrough CO2 adsorption measurements

To assess the CO- capture performance, a series of adsorption experiments were conducted in
a fixed Inconel tubular reactor (one inch) under isothermal conditions. The schematic
representation of the breakthrough CO2 adsorption set-up is shown in Figure 3.3. The details
regarding the experimental set-up and breakthrough adsorption experiments are provided in
section 3.7 of chapter 3. To assess the CO. capture performance, a series of adsorption
experiments were conducted in a fixed Inconel tubular reactor under isothermal conditions. For
conducting each run of experiments, the reactor was loaded with 2 + 0.2 g of adsorbents. Before
conducting each adsorption experiment the loaded reactor was further preheated to160 + 10 °C
for 2 h under N protection at 50 mL/min to remove the presence of excess moisture or pre-
sorbed gases on the biochar. Following the dehydration process, the loaded-reactor was cooled
down to the investigated adsorption temperatures (30—90 °C) and the binary mixture of pure

CO2 and N2 was purged through the bed of adsorbents. All the experiments were repeated
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thrice, and the average values of the breakthrough adsorption capacities were presented in this

study.
6.4 Kinetic study and activation energy evaluation

To investigate the CO adsorption mechanism, the experimental data was subsequently
modelled using well-established kinetic models (pseudo-first-order, pseudo-second-order and
intra-particle diffusion models) (Singh et al., 2019; Edathil et al., 2018). The linear form of the
kinetic models (pseudo-first order, pseudo-second order and intra-particle diffusion models)

are presented in Egs. 6.2-6.4.

In(qe — q¢) = Inge — Kyt (6.2)

t__1 40 (6.3)
dc  Kzqe?  qe '

1
qr = Kjgtz + C (6.4)

The activation energy of the CO, adsorption process was determined using the following Eq.

6.5.

E
InKiq = Inky — R—; (6.5)

6.5 Results and discussions
6.5.1 Effect of pyrolysis operating parameters on biochar yield

The characterization of the resulting biochar depends on several pyrolysis operating
parameters, but pyrolysis temperature and heating rate are expected to be the significant
parameters influencing the biochar yield from lignocellulosic biomass. To ensure that the least
stable biomass components (hemicellulose and cellulose) are decomposed, 400 °C was selected
as the lowest temperature, while 600 °C was the upper limit of pyrolysis temperature. Also, the
energy consumption will be high for pyrolysis experiments conducted above 600 °C. It was
observed for SCG that with increasing the severity of pyrolysis temperature at a constant
heating rate (5 °C/min) and at a constant reaction time of 60 min, the biochar yield declines. It
is worth highlighting that the maximum conversion yield in the biochar is obtained at the
temperature of 400°C (31.3+0.7wt. %) with a lower at 600°C (25.4+1.1wt. %),
respectively. The declining biochar yield at the higher pyrolysis temperature could be attributed
to the further cracking of pyrolysis tar (Wang et al., 2018). A similar finding of the declining

yield of biochar substrate with the rise in pyrolysis temperatures was observed for waste coffee
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grounds (38.6-26.6 wt. %) as reported by Tsai and Liu, (2013). Correspondingly, the biochar
yield declined from 25.4+ 1.1 wt. % to 21.8 £1.5 wt. % with increasing the heating rate from
5to 20 °C/min. During the thermal cracking of biomass at higher heating rate, rapid quenching
of volatile vapours causes a decrease in biochar yield as evident from the Table 6.2 (Patra et
al., 2021). In this regard, the relationship between the pyrolysis operating parameters (pyrolysis
temperature and heating rate) and biochar yield is negatively associated owing to the
occurrence of series of decomposition and volatilization reactions during the pyrolysis process
as can be seen from the Table 6.2.

Table 6.2: Effects of Process conditions on biochar yield from spent coffee grounds.

Biochar yield at a constant reaction time (60 min) and heating rate (5 °C/min)

Sample Temperature (°C) Biochar yield (wt. %)
SCG-400 400 31.3+0.7
SCG-500 500 27.1£1.2
SCG-600 600 254+1.1
Biochar yield at a constant pyrolysis temperature (600 °C) and reaction time (60 min)
Sample Heating rate (°C/min) Biochar yield (wt %0)
SCG-600-10 10 243+1.3
SCG-600-15 15 23.7+0.8
SCG-600-20 20 21.8+1.5

6.5.2 Effects of pyrolysis operating parameters on specific surface area

With increasing the pyrolysis temperature at a constant heating rate (5 °C/min), the surface area
(Seer) of the corresponding biochar improved sharply from 179 m%/g (400 °C, SCG-400) to
539 m?/g (600 °C, SCG-600). This enhancement in the specific surface area could be attributed
to the escape of more volatile matters and water due to the possible devolatilization and
dehydration reactions, making space within the network of pores and carbon matrix (D. Xu et
al., 2019). Contrary, on increasing the heating rate at a fixed temperature (600 °C), the surface
area reduced from 539 m%/g (5 °C/min) to 416 m?/g (20 °C/min), as schematically shown in
Figure 6.2. At lower heating rates, the diffusion of pyrolysis products/volatile compounds
occurs with ease as it gets enough time to diffuse through the network of pores. Though, with
considerably increasing the heating rate, the time for the volatile compounds to escape from
the polymeric backbone is significantly reduced along with mass transfer limitations.
Consequently, the pace of the diffusion is impacted at higher heating rates, as a result, volatile
compounds, and condensable hydrocarbons (tar) accumulated between and within the network

of pores. This could increase the chance of carbon deposition, blockage of the pore entrances,
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and could also cause fusion of pores which negatively affects the specific surface area in

pyrolysis biochar.

Owing to this finding, the pyrolysis heating rate was fixed at 5 °C/min and reaction time at 60
min but the effects of pyrolysis temperature (400—600 °C) were further assessed owing to its
significant influence on the physiochemical transformation and their candidacy towards
dynamic CO> capture performance under the post-combustion scenario.

600

500 —

400 —

300 —

200 —

Specific surface area (m’/g)

100 —
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|Pyrolysis temperature (°C) - heating rate (°C/min) |

Figure 6.2: Effects of pyrolysis temperatures and heating rate on specific surface area of
biochar samples.

6.5.3 Proximate analysis of biomass and biochar samples

The physicochemical properties of SCG and the corresponding biochar samples are
summarized and presented in Table 6.3. The findings of the proximate analysis demonstrate
that the moisture, ash, volatile matter, and fixed carbon content in SCG were 3.3, 0.9, 81.2 and
14.6 wt. % (dry basis), respectively and the findings are also according to the ones obtained for
typical lignocellulose biomasses. As evident, the ash content in SCG is quite low and volatile
matter content is high, which makes SCG a suitable candidate for thermochemical valorization

like slow pyrolysis. Biomass with lower alkali content like SCG is preferable as it could reduce
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the issues like fouling and slagging inside the furnace and also the high volatile content makes

the starting precursor a highly reactive fuel (Shariff et al., 2016).

Although the biochar’s ash content increased at more severe conditions as can be seen in Table
6.3, which ranged from 3.5 to 9.2 wt. % for SCG-400 to SCG-600 and is attributed to the
relative enrichment of inorganic components and more mineral matter forming ashes in the
pyrolysis biochar. The corresponding biochar showed a declining trend in the volatile matter
and moisture content from 81.2 to 24.6 wt. % and 3.3—1.9 wt. %, respectively owing to the
occurrence of series of devolatilization, dehydration reactions and cracking at higher pyrolysis
temperature. However, the fixed carbon content increased, and the highest amount was reported
for SCG-600 at 64.3 wt. %. The chemical composition of SCG and SCG derived biochar
samples were studied by measuring the content of C, H, N, S, and O (percentages by weight),

and the observed data are reported in Table 6.3.

Table 6.3: Proximate analysis of biomass and biochar samples derived at different pyrolysis
temperatures.

Sample Moisture d° volatile matter 9 Ash d Fixed carbon*
(WE. %) (Wt. %) (Wt. %) (Wt. %)
SCG 3.3+0.1 81.2+0.1 0.9+0.1 14.62£0.01
SCG-400 2.52£0.2 42.7£0.6 3.5+£0.4 51.3£0.3
SCG-500 2.3£0.2 31.4+0.4 7.3x0.2 59+0.3
SCG-600 1.9£0.3 24.6x0.6 9.2+0.5 64.3£0.3

db: dry basis; *Fixed carbon: 100- (Moisture + Ash + Volatile matter) wt. %

6.5.4 Ultimate analysis and atomic ratios of biomass and biochar samples

Table 6.4 shows the elemental composition in the biomass and the corresponding biochar
samples. Overall, the elemental composition of the tested biochar varied significantly, and it
shows that with increasing temperature, the biochar gets richer in C, but H and O content
decreased owing to the release of respective functional groups and volatile compounds from
SCG during the series of decomposition and volatilization reactions. Indeed, the C content
increased from about 50-81.5 wt. % at 600 °C from the starting precursor. In this study, SCG-
600 was the most carbonized biochar with a significant fraction of C retained in it (81.5 wt. %).
The high C content of SCG-600 suggests the complete conversion of the biomass constituents,
i.e. hemicellulose, cellulose, and lignin into volatiles and aromatic carbon during volatilization,
at 1 h of holding time (Kong et al., 2019). Referring to table 6.4, the relatively larger O and H
contents evident in SCG are attributed to the lower degree of aromaticity. However, a fall in H
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(6.7-2.9 wt. %) and O (39.0-2.4 wt. %) content is evident for the biochar samples with the
increasing temperature, owing to the breaking of oxygenated functional moieties from the
organic matrix and formation of more stable carbonaceous and aromatic structure. Although
there was no obvious pattern of N content in biochar samples, it increased (2.5—4.01 wt %) with

increasing the severity of pyrolysis temperature.

Table 6.4: Ultimate (CHNS) analysis (on a dried basis) and atomic ratios of biomass and
biochar samples.

Sample SCG SCG-400 SCG-500 SCG-600
Elemental composition (wt. %)
C 50+0.01 78+0.02 79.7+0.01 81.5+0.01
H 6.7+0.1 4.1+0.03 3.4+0.05 2.940.05
N 2.5+0.03 4.4+0.02 4.2+0.03 4.01+0.01
S 0.9+0.01 0.05+0.02 0.04+0.02 0.04+0.01
o* 39.0+0.1 10+0.2 5.4+0.2 2.4+0.1
Atomic ratios

H/C** 1.6 0.63 0.51 0.43
Q/C*** 0.60 0.10 0.06 0.02

*Difference O (wt %): 100 - (C+ H + N + S + Ash) wt. %

** Calculated using average values of H and C, *** Calculated using average values of O and C
H/C= (H/1.008)/(C/12.011); O/C= (0/15.999)/(C/12.011)

The calculated atomic ratios and the empirical formula of SCG and the tested biochar are also
summarized in Table 6.4. The atomic ratios provide indications of the degree of biomass
carbonization and improvement of surface chemistry in biochar. The results indicated that the
atomic ratios H/C (1.6-0.43) and O/C (0.60-0.02) tend to decline with the increasing pyrolysis
temperature. This behaviour could be attributed to the series of dehydration and
decarboxylation reactions during pyrolysis and also an indication of improved carbonization
as well as the formation of stable aromatic compounds and graphitic structure (Namkung et al.,
2017). The lowest atomic ratios suggest that SCG-600 is highly carbonized. Also, reduced
polarity would favour the CO> adsorption performance under a typical post-combustion

scenario.
6.5.5 pH analysis of biomass and biochar samples

To ascertain the basicity of the corresponding biochar samples, pH was measured further in
aqueous solution (de-ionized water). Table 6.5 summarizes the pH values measured in an

aqueous solution for SCG and the corresponding pyrolysis biochar. As it could be observed
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from Table 6.5, that the measured pH of the corresponding biochar samples increased from 5.5
to 8.2 for starting precursor to SCG-600. Indeed, these values rose from acidic pH (5.5) to an
alkaline one (8.2), which are generally typical with increasing the severity of pyrolysis
temperature. The increase in pH further established the augmentation of basic functional
species and could be attributed to the accumulated ash content (alkali and alkaline earth metals)
in the tested biochar, removal of acidic oxygenated-functional moieties from the biochar
surface and formation of nitrogenated functional species (pyrrolic and /or pyridonic-N and
quaternary/graphitic-N) on biochar surface. This trend in enhancement of pH also depicts the
formation of K>COs during pyrolysis of SCG resulting in the intercalation of K* into the
carbon-matrix of the samples. This would lead to widening of the space between the carbon
layers and enhance the specific surface area of the biochar samples as evident from the data of
specific surface area analysis (Sget, Section 6.6.7). Azargohar et al., (2013) reported a similar
finding on the rise in pH of wheat straw-derived biochar to bases following pyrolysis process

at higher pyrolysis temperature.

Table 6.5: pH analysis of biomass and biochar samples.

Sample pH* Ash
(water) (%, wiw)

SCG 5.5 0.9

SCG 400 6.8 3.5

SCG 500 7.6 7.3

SCG 600 8.2 9.2

*Error margins for the pH measurements were +0.05
6.5.6 Thermal stability analysis of biomass and biochar samples

Thermogravimetric (TGA) and differential thermogravimetric (DTG) analysis of SCG and
biochar show the decomposition profile and the transformations that have occurred (in dried
basis) when exposed to heating until 800 °C at the heating rate of 10 °C/min under purified N2
protection of 100 mL/min and a comparison of the decomposition is schematically shown in
Figure 632 (a & b). The TGA curves as shown in Figure 6.3 (a), present three defined
degradation steps, which are typical for the lignocellulose-based biomass and bio-char
pyrolysis process. The first stage starts at approximately 30°C to around 200 °C and
corresponds to soft weight losses as a result of the adsorbed water evaporation (dehydration
stage) and low volatile compounds from micropores and meso-pores of around 8 (SCG) to
2.1% (SCG 600) (Gasco et al., 2018) . The most significant transformation occurs during the

second stage called the devolatilization phase, starting at 200 and terminated at about 600 °C
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corroborating to substantial weight losses, corresponding to the two-step thermochemical
conversion process of biopolymer fractions (hemicellulose, cellulose, and lignin) as also
evident from the DTG profile (Figure 6.2 (b)) (Lee et al., 2013).

As shown in the Figure 6.3 (b), the first peak corresponds to the combustion of hemicellulose
(320 °C) followed by cellulose decomposition (360 °C), corresponding to the maximum mass
loss rate of 7.2 wt. % min* for SCG (Ibn Ferjani et al., 2019). In contrast, the second peak
could be related to combustion of aromatic structure with higher molecular weight,
triglycerides and their derivatives at a higher temperature of 400 °C (Batista et al., 2020).
Alternatively, lignin, undergoes degradation for a wider range of temperature from 200 to
800 °C, with a sharp peak at 400 °C, as evident from the DTG curve (Figure 6.2 (b)).

Above 600 °C, the weight loss becomes very slow and a flat region is reached, termed as
carbonization/stabilization phase (Figure 6.2 (a)), leaving pyrolysis biochar with condensed
aromatic carbons and reduced functional moieties (Shalini, 2018). The TGA curve also shows
that with increasing pyrolysis temperature the biochar samples attain more thermal stability or
more resistance to decompose. In this regard, SCG-600 exhibited the greatest thermal stability
with an overall mass loss in the range of around 28 wt.%. The release of main constituents of
biomass viz., hemicellulose, cellulose, and lignin from carbohydrate-rich precursor-like SCG
with the increasing severity of temperature predominantly leads to the formation of a
microporous structure with increased surface area as evident from the Table 6.6. The improved
textural properties are desirable for enhanced CO> adsorption performance under the post-

combustion scenario.
6.5.7 BET surface area of biomass and biochar samples

The specific surface area (Sser, m?/g) and porosity of the corresponding biochar are one of the
crucial parameters that govern the potential of CO2 adsorption capacity under a typical post-
combustion scenario. An overview of the textural properties of SCG and the tested biochar is
provided by the results summarized in Table 6.6. Indeed, pyrolysis temperature has a
significant impact on the specific surface area and pore volume of the corresponding biochar
that increased drastically from 2.5 m%/g (SCG) to 539 m?/g (SCG-600) and 0.005 cm®/g (SCG)
to 0.32 cm®/g (SCG-600), respectively owing to the inherent porous structure and development

of microporosity.
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Figure 6.3: (a) TGA and (b) DTG analysis of SCG and SCG derived biochar samples.
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This noticeable enhancement in the specific surface area could be attributed to the generation
of micropores and characteristics of microporous structure. This improvement in biochar
textural properties at higher pyrolysis temperature is likely related to significant
devolatilization, removal of oxygenated functional moieties and condensed hydrocarbon (tar).
Consequently, the decomposition of amorphous organic content contributed to the formation
of porous biochar with a network of empty spaces into the carbon matrix suitable for CO>
sorption. Ferjani et al, (2019) reported that increasing pyrolysis temperature (300—600 °C) has
a positive correlation with the specific surface area of the produced biochar from grape marc.
They reported that the surface area of the tested biochar increased to 253 m?/g at the highest
temperature. It is worth highlighting that high surface area, along with microporous structure
(availability of micropores) makes SCG-600 a superior candidate for effective dynamic CO>

adsorption performance under the post-combustion scenario.

Table 6.6: Textural properties of biomass and biochar samples produced at different pyrolysis

temperatures.
Sample Specific surface Micro-pore Total pore volume | Average pore
area surface area (cm?®/g) width
(m/g) (m?/g) (nm)
SCG 2.5 -- 0.005 10.0
SCG-400 179 125 0.13 7.7
SCG-500 311 234 0.24 5.4
SCG-600 539 421 0.32 3.2

6.5.8 XRD analysis of biomass and biochar samples

The wide-angle stacked powder XRD pattern of SCG and the biochar samples was studied in
the range of 20 = 10-80° as schematically shown in Figure 6.4. The thermal conversion process
may modify both the physicochemical properties of the crystalline material in biochar with a
notable structural alteration. In diffractograms of SCG show, a major diffraction peak depicted
approximately at 20 =21-23°. The peak was found to be compatible with the presence of an
aromatic layer possessing a stacking structure of native cellulose amorphous-crystalline | and
can be indexed as diffuse (loo2) (Ngaosuwan et al., 2016). A broad hump at 20 =43° in the
corresponding biochar samples, attributed to the diffraction peaks of the graphitic and
disordered graphitic plane (li00), due to the progressive stacking of graphene sheets and
aromatic groups. Increasing the severity of pyrolysis temperature, broad-band at 20 =43°

indicates the formation of carbon-rich amorphous cellulose Il structure perpendicular to
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aromatic crystallites that show the destruction of lignocelluloses in the carbon matrix and

change in textural properties (Saikia et al., 2019).

Disordered/amorphous structure, low crystallinity with aromatic characteristics was evident
from the reduced intensity and sharpness of the hump in the XRD pattern of the biochar samples
(Kaur et al., 2019). Additionally, the FT-IR and 3C-NMR spectrum of the SCG derived biochar
samples (FTIR analysis and solid-state nuclear magnetic resonance of SCG and biochar
samples) confirmed a similar observation of the development of aromatic characteristics in

biochar as seen from the XRD pattern.
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Figure 6.4: Wide-angle XRD patterns of SCG and SCG derived biochar samples.

6.5.9 FTIR analysis of biomass and biochar samples

To determine the structural evolution of SCG under slow pyrolysis conditions, the FT-IR
technique was employed in the range from 500 to 4000 cm . Figure 6.5 shows the FT-IR
transmission spectral peaks with diverse intensities (strong, broad, and weak) of absorption of
the vast majority of functional groups present in SCG and biochar samples. With increasing

the severity of pyrolysis temperature, SCG-derived biochar showed a resulting shift of FT-IR
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spectral peaks that slowly lost their intensities in different degrees and disappeared in the
corresponding biochar samples unlike the spectrum evident in the starting material (SCG) (Kim
et al., 2017). For effective CO, adsorption performance under the post-combustion scenario,
biochar’s surface should possess basic characteristics as the active site along with high specific
surface area and uniform distribution of micropores (Promraksa and Rakmak, 2020). Based on
the visual interpretation, the prominent and broad spectroscopic assignments visible between
3200 and 3600 cm™* wavenumbers with a maximum at around 3300 cm ™ indicates the presence
of O-H and N-H stretching vibrations owing to alcohol, phenols, or carboxyl functional groups
present in SCG. The existence of O-H and a minor contribution of N-H functional groups reveal
the strong intra- and intermolecular hydrogen bonding and characteristic peak of crystalline
cellulose in SCG (Taskin et al., 2019). However, with the rise in pyrolysis temperature the
dehydration reaction and the generation of a large number of volatile compounds accelerated,
so the intensity of this broad absorbance spectrum had a significant decrease in SCG and
diminish sharply at 600 °C. The two sharp peaks observed between 2920 and 2850 cm ! and at
1465 cm™ are assigned to long linear aliphatic groups of -CHs and -CHz asymmetric and
symmetric stretching vibrations which also diminished sharply for SCG-500 and SCG-600.
The reduced vibrational intensities in the corresponding biochar are attributed to the loss of
unstable aliphatic compounds (C-CHXx) of cellulose-based materials at higher temperatures
resulting in the occurrence of dehydration and demethylation reactions. The loss of -OH and
C-H functional groups with increasing the severity of pyrolysis temperature identifies that they
are not stable in SCG but contribute towards increasing surface area and favourable pore
formation owing to the concurrent development of fused-ring aromatic structures in the biochar
samples. The vibrations of C=C (aromatic ring) and -CH>- bands (C-H of alkene group) were
confirmed by the presence of the peaks at around 1620 and 1455 cm™ and the presence of these
bands in the corresponding biochar indicates the stability of the aromatic linkage (Lahijani et
al., 2018). These findings are consistent with the data of atomic ratios (H/C and O/C) for SCG-
600 as shown in Table 6.4, indicating the formation aromaticity, pH and depreciation in

chemical structure and polarity.

The surface functional groups in biochar have been dominantly regulated by the pyrolysis
temperatures, causing a gradual reduction and even disappearance of specific peaks and
synthesis of the aromatic structure. The increase of basic and reduction of acidic functional
moieties during the pyrolysis process at severe temperatures could be attributed to the reduction

of oxygenated functional species and formation of N-containing functional groups on biochar
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surface via series of possible decarboxylation and dehydration reactions that could favour the
CO- adsorption (Franciski et al., 2018).
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Figure 6.5: FTIR spectra of SCG and the corresponding biochar samples.
6.5.10 Solid-state Nuclear Magnetic Resonance (*3C-NMR) Spectroscopy

SCG and the bio-chars generated from pyrolysis in 400 and 500 °C temperature ranges were
examined by 3C CP/TOSS solid-state 3C-NMR spectroscopy. The chemical bands identified
from the 3C NMR spectra were dominated by a peak of aromatic carbons as schematically
shown in Figure 6.6. The Table 6.7 gives the relative composition of aliphatic and aromatic
moieties with probable assignments for the bands in the range of 25-225 ppm. The change in
chemical shift is used as the qualitative indication to identify the alteration in structural
components in the biochar samples after thermal treatment (Chand et al., 2019). Upon charring,
the relative intensity of fused-ring aromatic C-H characters increased in SCG-500 as evident
from the characteristic dominant broadband centered at **C-NMR chemical shifts between 120

and 150 ppm. This shift in the aromatic configuration is another complementary indication that
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SCG-500 is comparatively highly rich in aromatic sp? carbon fraction (Rutherford et al., 2012).
The increase in aromatic character and loss of aliphatic bands at higher temperatures suggests
that biochar produced at higher temperatures would be aromatic or poly-aromatic in structure,
favourable for trapping recalcitrant CO2 owing to the increasing Vander Waals force in biochar
matrix (lgalavithana et al., 2020).

Table 6.7: Quantitative percentages of various functional groups present in biomass and
biochar samples based on *C-NMR spectra.

Total integrated peak area, %

Sample Aliphatic Aromatic Carboxylic acid Ester
(6-105 ppm) (120-145 ppm) | (170-180 ppm) | (205-225 ppm)

SCG 84.1 1.3 14.4 0.2
SCG-400 7.5 89.4 1.9 1.2
SCG-500 5.5 92 0.9 1.6

6.5.11 XPS analysis of biomass and biochar samples

XPS spectra were used to investigate the chemical bonding/states and the nature of the various
oxygenated and nitrogenated species present on the surface of biochar. The quantification of
the surface elemental compositions (atom ratio %) of SCG and the corresponding biochar is
summarized in Table 6.8. Similar, to the findings of the bulk composition of biochar (Table
6.4), the O content on the surface of the biochar declined from 45.3% to 11.4% and the C
content increased from 53.2% to 68.5% indicating the carbonaceous nature of the samples
synthesized after the thermochemical conversion. The presence of nitrogen moieties is
attributed to the protein and caffeine in SCG along with carbon and oxygen have been reported
as advantageous for CO> adsorption as it enhances the surface active sites and basicity of the
biochar (Ismail et al., 2020).
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Figure 6.6: *C Nuclear Magnetic Resonance spectra of SCG and SCG derived biochar

samples.

Additionally, to recognize the complete bonding configurations of the heteroatoms (N1s and
O1s), the high-resolution spectra were de-convoluted into different components with different
binding energies (B. E’s) representing various nitrogen and oxygen containing-moieties on the
biochar sample’s surface as displayed in Figures 6.7 and 6.8. The relative area percentage (A
%) for N1s and O1s deconvoluted peaks of the XPS spectra is illustrated in Table 6.9. The
high-resolution N1s spectrum with binding energies (B.E’s) comprises three nitrogen species
revealed at 398.1 eV (N-6) assigned to pyridinic-N, 400.3 eV (N-5) for pyrrolic and /or
pyridonic-N and 401.6 (N-Q) eV for quaternary/graphitic-N and pyridine-N-oxide (N-X),
respectively (Han et al., 2019). For both SCG-400 and SCG-600, N-5 (55.5-51.9 wt %) is the
dominant species on the surface than N-6 and N-Q. For SCG-600, the area % of N-6 increased
while N-5 and N-Q species showed an opposite trend as shown in Table 6.8. The decreasing
trend of N-5 and N-Q could be attributed to the complete conversion of pyridonic and/or
pyrrolic-N and quaternary-N into a more stable form of N-6 nitrogen species. All the three
forms of nitrogenated species are beneficial for CO- capture. It has been reported that pyridinic-

N (N-6) and pyrrolic and /or pyridonic-N (N-5) species have the strongest impacts on the extent
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of CO adsorption as they could effectually ameliorate the polarity of carbon favourable for
CO- adsorption (Wang et al., 2020; Singh et al., 2019). N-5 and N-6 functional moieties have
electron-donating capability to I1-system and can strongly interact with Lewis’s acid-like CO>

molecules by n—= interaction and electrostatics signifying their Lewis basicity.

O1s spectra deconvoluted into three peaks assigned at 531.2—531.5 eV (O1) corresponds to the
ketone, carbonyl or lactone functional groups followed by ether and alcohol groups at 532.3—
532.5eV (02) and ether oxygen atoms in anhydrides and esters at 533.3-533.6 eV (03),
respectively. The increase in atom area % (A %) for O1 and O2 (Table 6.9), indicates an
enhancement in surface basicity of SCG-600 which could be favourable for CO, adsorption
performance. This finding signifies that biochar prepared at 600 °C exhibits high Lewis’s
basicity as compared to SCG-400 and beneficial for the capture of Lewis acidic CO2 molecule.
A similar finding on improved CO> adsorption performance with increased Lewis basicity
owing to acid-base interaction and selectivity had been investigated and reported by Tiwari et
al., (2018).

Table 6.8: XPS derived surface elemental composition (atom ratio %) of SCG and SCG-
derived biochar samples.

Sample C (1s) O (1s) N (1s) o/IC
% % %

SCG 53.2 45.3 1.5 0.64
SCG-400 63.4 15.7 1.8 0.14
SCG-500 67.7 13.2 2.4 0.12
SCG-600 68.5 11.4 3.1 0.10

Table 6.9: Deconvolution results of N1s and O1s spectra of SCG derived biochar samples
(relative area percentage %).

XPS (at. % of total N and O)
Sample
N-6 N-5 N-Q O1 02 03
SCG-400 22.5 55.5 19.9 47.9 17.1 5.9
SCG-600 39.4 51.3 9.5 51.2 20.9 7.1
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Figure 6.7: Deconvoluted N1s spectra of SCG-400 and SCG-600.
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Figure 6.8: Deconvoluted O1s spectra of SCG-400 and SCG-600.
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6.5.12 NEXAFS analysis of biomass and biochar samples

Stacked spectra of C 1s near-edge X-ray absorption fine structure (NEXAFS) of the spent
coffee grounds and pyrolyzed spent coffee grounds at 400 °C, 500 °C, and 600 °C are shown in
Figure 6.9; similarly, assignment of bond types, peak energies and transitions are reported in
Table 6.1. C 1s fine structures exposed the carbon bonding environments in the SCG and
pyrolyzed SCGs at different temperatures. From Figure 6.8, it can be noticed that the significant
broad characteristic peak was noticed at 285.3 eV for SCG represents C1s—z* C=C transitions
related to the carbon bonded to the aromatic carbon, alkylated and protonated carbonyl
substituted aryl-C ascribed to the inherent lignin content in the SCG (Coffey et al., 2002).
Heymann et al., (2011) reported that owing to the wide breadth of each peak/s, it could be
attributed to the multiple resonances rather than a single type of absorption bands. Further, the
wideness of the aromatic transition recommended a complex chemical structure of the SCG
and pyrolyzed SCG (di Stasio and Braun, 2006). The second peak with its maxima at 287.9 eV
corresponds to Cls—z* CO, C=C-OH transitions representing phenolic, carbonyl, and ester
C, respectively (Latham et al., 2018; Keiluweit et al., 2010). At higher energies i.e., 289.5 ¢V,
carboxylic acids (COOH) of hemicellulose and lignin are found which represents Cls—n*
C=0, R-COOH transitions (Heymann et al., 2011; Keiluweit et al., 2010). Besides this spectral
analysis, a similar observation was received by Heymann et al. (2011) during their study on
grass char and wood char; Latham et al. (2018) studied hydrothermal carbons treated at high
temperatures (400, 600, and 800 °C) originated from sucrose; heat treatment of wood and grass
samples by Keiluweit et al. (2010). Identical transitions and carbon types were observed for
the SCG’s that were pyrolyzed at 400, 500, and 600 °C (Figure 6.8). However, along with
pyrolysis temperature, a 0.1-0.3 eV systematic shift in the peak positions was detected in
comparison to SCG (untreated) which is a common trend noticed for heat-treated samples
(Latham et al., 2018; Heymann et al., 2011; Keiluweit et al., 2010). Pyrolysis of SCG at higher
temperatures (400, 500, and 600 °C) resulted in the increment in the aromaticity (Figure 6.8,
285.3 eV, Cls—n* C=C graphitic transitions) and loss of the other functional groups which
are associated with aliphatic and oxygen-containing groups that are present in the 287.9 and
289.5 eV photon energy regions. The same outcomes in loss of aliphatic and oxygen-containing
groups and shifts in the peaks with temperature were observed from the FTIR and XPS data
(FTIR and XPS analyses of SCG and SCG derived biochar samples). Along with the increase
in the pyrolysis temperature, comparative fluctuations in the functional groups were noticed on

each fine structure. Furthermore, at high temperatures, a sharp peak was observed at 292.6 —
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292.9 ¢V (Figure 6.8) that resembles the highly oriented pyrolytic lignin from SCG that
represents the Cls— o* C=C, C-C alkyl transitions (Bernard et al., 2010). In conclusion, the
C1s K-edge fine structures of SCG and pyrolyzed SCG’s chemical composition is in line with
FTIR, 3C-NMR, XPS and the data from these spectral techniques are complementing the
NEXAFS data.
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Figure 6.9: Stacked C1s NEXAFS spectra of SCG and SCG derived biochar samples.
6.6 Breakthrough CO2 adsorption performance of SCG derived biochar samples

Typical S-shaped breakthrough curves seen are a graphical representation of the relationship
between the ratio of outlet/inlet concentration (Cco2 (out)/Cco2 (in)) in the mixed-gas stream
and the contact time (min) with the subsequent occupation of the adsorbent’s active sites until
saturation (Al Mesfer and Danish, 2018) . The rate of CO. adsorption was rapid at the
beginning, and gradually the rate reduced after the breakthrough time (ts) and came to a plateau
after saturation of the adsorbent bed at exhaustion (te), representing it was at equilibrium. The
breakthrough (ts) and exhaustion time (te) are the two crucial parameters studied when
investigating the impacts of the adsorption conditions on the CO. sorption capacity of the

adsorbents. The time when the ratio of CO- in the outlet to the initial concentration reaches 0.1
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is termed as the breakthrough time and when the ratio of CO; outlet to the initial increases and
reaches 0.9 is called the exhaustion time, both expressed in minutes in this regard. Initially, the
outlet concentration of CO> was not detected, attributed to the complete adsorption (100%) by
the available active sites and favourable pores on the surface but after the breakthrough, the
concentration of CO: in the outlet stream gradually increases and becomes equal to the inlet.

No further CO. adsorption takes place at the point of saturation attaining equilibrium.
6.6.1 Effects of adsorption conditions on CO2 adsorption capacity

A set of adsorption experiments were performed using SCG-600 as a representative sample to
ascertain the effects of varying adsorption temperatures from 30 to 90 °C on the breakthrough
curves at a constant CO> concentration (CO> feed= 30 vol%) balanced by N> as represented in
Figure 6.10 (a). The initial feed concentration of CO> kept constant at 30 vol% and the rest
balanced by N> was based on the previous lab experience (Shahkarami et al., 2015) and the
results obtained from the adsorption capacities at varying CO. concentrations as shown in
Table 6.10. Also, after investigating the effects of feed concentration on the CO2 adsorption
performance, it was found that at a lower concentration of CO2 (10 vol%) the adsorption
capacity (0.7 mmol/g) is low, but the exhaustion time (te, min) is longer owing to the
availability of adsorption sites for a prolonged period. However, the performance enhanced
with increasing the initial concentration to 30 vol% due to the increase in the partial pressure
of COz in the feed stream. It was observed that the CO> binding capacity of SCG-600 (mmol/g)
decreases significantly with increasing the investigating temperatures from 30 to 90 °C
accompanied by a declining trend of breakthrough time as evident from Figure 6.9 (a). The
average results of equilibrium adsorption capacity obtained at varying temperatures were in the
range of 2.8 (30°C) to 0.5 (90 °C) mmol/g at a fixed feed concentration is presented and
summarised in Table 6.10. The fall in CO2 adsorption capacity at higher temperatures indicates
that the adsorption mechanism is predominantly physical in nature and the reaction is
exothermic (Latham et al., 2018). The governing mechanism of adsorption could be physical
in nature owing to the loss in functional groups after the severe thermal treatment (Ismail et al.,
2020).

In this study, the highest adsorption capacity of 2.8 mmol/g was obtained at 30 vol% of Ccoz
and at 30 °C. Also, the breakthrough time was reduced from 5.5 min to < 1 min by increasing
the adsorption temperature for SCG-600 as summarised in Table 6.10. The lower affinity and

instability among the CO> molecules at higher temperatures could be attributed to the increased
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molecular diffusion rate generating instability on the surface and exothermicity of the
adsorption process. A similar finding on declining adsorption capacity with increasing
adsorption-temperatures using N-enriched carbon sorbent prepared from Urea-formaldehyde
resin was reported by Tiwari et al., (2018) and yellow-mombin derived activated carbon
samples by (Fiuza-jr et al., 2016). Also, experimental findings suggest that CO; is weakly
bound to the biochar surface (SCG-600) through physisorption, so surface area was a
significant determinant of CO> adsorption; however, the presence of nitrogenous species (N-6
& N-5 species) also played a significant role in CO2 adsorption.

Pyrolysis of SCG at higher temperature endowed SCG-600 with hydrophobic, non-polar
characteristics, higher specific surface area and basic functionalities (oxygenated and
nitrogenated moieties) preferable for CO. adsorption performance. Correspondingly, the
formation of stable aromatic structures in SCG-600 was corroborated by the reduced O/C

atomic ratio, also facilitated the CO2 adsorption.

Table 6.10: Breakthrough adsorption performance of SCG-600 under varying column

temperatures and initial feed concentration of CO..

SCG-600, constant CO2 concentration: 30 vol % balanced by Nz (dynamic conditions)
Adsorption temperature | Breakthrough time Adsorption capacity | Standard Deviation
(°C) (min) (mmol/g)
30 5.5 2.8 0.37
45 3.5 1.5 0.14
60 2.4 1.2 0.22
75 1.1 0.9 0.17
90 0.8 0.5 0.16
Sample: SCG-600, constant column temperature: 30 °C, feed concentration: COz in N2
CO2 (10 vol % in N2) 6.8 0.7 0.21
CO2 (20 vol % in N») 6.2 1.6 0.15
CO2 (30 vol % in N») 5.5 2.8 0.37

6.6.2 Breakthrough adsorption capacity of biochar samples

The effect of pyrolysis temperature on the adsorption capacity was ascertained by the
performance of the corresponding biochar under the fixed operating conditions of adsorption
temperature at (30 °C) and initial CO> concentration of 30 vol% balanced by N> as graphically
represented in Figure 6.10 (b) and the average adsorption capacity of the biochar samples are

summarised in Table 6.11.
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The adsorption breakthrough occurs early for SCG-400 compared to SCG-600 at the same
initial CO2 concentration of 30 vol% of CO. in feed (balanced by N:) and adsorption
temperature at 30 °C. The adsorption capacity of SCG-600 was the maximum among all the
series of adsorbents investigated and was reduced from 2.8 to 0.7 mmol/g under a similar
capture scenario. The adsorption capacity of SCG-600 was comparatively the highest, owing
to its superior surface characteristics and remarkable surface functionalities (availability of N-
6, N-5 species, and basic-O species), enhancement of basicity and the formation of higher

aromatic rings forming stable graphite-like structures during the thermal treatment.

Table 6.11 Breakthrough adsorption performance of biochar samples derived from SCG.

Constant temperature: 30 °C and CO; concentration: 30 vol % balanced by N2

Sample Breakthrough time (min) Adsorption capacity Standard Deviation
(mmol/g)

SCG-600 5.5 2.8 0.37

SCG-500 3.0 1.3 0.19

SCG-400 1.2 0.7 0.22

From Table 6.12, it is evident that SCG-600 is a promising carbon-based solid adsorbent
synthesized from slow-pyrolysis of SCG that exhibited compatible CO adsorption capacity
under a typical post-combustion condition compared to biochar, biomass derived activated
carbon and other carbon-based adsorbents. This superior performance of SCG-600 could be
attributed to the trade-off between textural characteristics and surface composition that is
favourable for interaction between the basic functional moieties with Lewis-acid CO>

molecules in the flue gas stream.
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samples derived from SCG.
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Table 6.12: COzadsorption performance of carbon-based adsorbents under the post-combustion conditions (binary mixture of CO2/Ny).

Carbon sorbents Specific surface | Adsorption capacity of COz at 1 Reference
area, Sget bar
(m?/g) (mmol/g)
SCG-600 (biochar) 539 2.8 (30°C)
SCG-500 (biochar) 311 1.3 (30 °C) This study
SCG-400 (biochar) 179 0.7 (30 °C)
Urea Bagasse (KOH activated) 4546.9 1.40 (30 °C) (Tiwari et al., 2018)
MF-700 (Melamine-formaldehyde-700 °C) 266 0.83 (30 °C) (Goel et al., 2015)
AC derived from Eucalyptus wood (NH3s treatment) 1637 1.1 (30 °C) (Heidari et al., 2014)
Optimised activated carbon (agriculture residues) 371 2.46 (25 °C) (Rashidi et al., 2014)
Commercial activated carbon 717 3.15 (25 °C)
Waste tobacco derived AC 1104 2.5 (Sha et al., 2015)
PS550 (pine sawdust derived at 550 °C) 315.6 0.67 (Igalavithana et al., 2020)
PSS550(pine sawdust derived AC) 581.7 0.73
BMHC600-N (N-doped ball milled hickory chips) 548 52.5 mg/g (1.2 mmol/g) (X. Xu etal., 2019)
BMBG600-N (N-doped ball milled bagasse) 473 48.2 mg/g (1.09 mmol/g)
BMBGA450 (Ball milled sugarcane bagasse) 430 46.8 mg/g (1.06 mmol/g) (Creamer et al., 2014)
BG450 (pristine sugarcane bagasse) 370 47.9 mg/g (1.1 mmol/g)
AC derived from bamboo 787 2.52 (25 °C) (Dilokekunakul et al., 2020)
AC-UK 532 2.63 (25 °C)
AC-Air 811 2.26 (25 °C)
Zeolite seeds crystals 1254 2.39 (30 °C) (Gunawan et al., 2018)
Titanium granules 71 2.55 (30 °C) (Song et al., 2013)
Cotton stalk derived AC (NH3 treatment) 435 1.80 (20°C) (Xiong et al., 2013)
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6.7 Adsorption kinetic study and activation energy

Adsorption kinetics and activation energy are significant characteristics that determine the
extent of interaction between carbon-based solid adsorbents and CO> in the mixed gas stream.
The adsorption process proceeds in three main steps; (i) external diffusion of CO; followed by
(i1) internal diffusion and (iii) CO2 adsorption through interacting with active and basic sites of
the adsorbent available within the network of pores (Raganati et al., 2019). Adsorption kinetic
performs a crucial role for a better understanding of the interaction between adsorbate-
adsorbent but predicting kinetic parameters involves generally involves complexity. The
adsorption kinetics were studied by fitting the CO> adsorption data obtained at varying column
temperatures to the well-established pseudo-first, second order and intra-particle diffusion
models, owing to their simplicity to depict the nature of adsorbate-adsorbent interactions. The
assumptions for the kinetic models are based on the correlation between the rate of adsorption,
the number of available adsorption sites and the strength of the interaction between adsorbate-
adsorbent. The rate of adsorption and the availability of active sites are directly correlated to
the pseudo-first-order model and the latter depicts a strong interaction owing to some chemical
reactions between the adsorbate and adsorbent. In this study, the pseudo-first-order Kkinetic
model fitted well with the experimental data obtained at varying investigating temperatures
with the highest value of correlation coefficient R? =0.96 and sum of square error less than
10% (Table 6.13). The pseudo-first-order model better described the CO adsorption
mechanism that involves weak adsorbate-adsorbent interaction at a typical post-combustion
scenario. Table 6.13 summarizes the related parameters of different kinetic models examined
for SCG-600 at 30 °C of adsorption temperature and 30 vol% of initial CO2 concentration
balanced by No.

The kinetic rate constants (K) at different temperatures (30—90 °C) were determined by fitting
the Arrhenius equation to the data obtained from the pseudo-first-order model. Table 6.13
showed the values of the rate constants (K) at different adsorption temperatures. Figure 6.11
showed the Arrhenius plot from which the activation energy obtained was 21.20 kJ/mol. The
lower value of activation energy (<25 kJ/mol) shows the adsorption was predominantly
physical in nature owing to the moderately weak interaction between the adsorbate-adsorbent
(CO2-biochar surface) (Rashidi et al., 2014)
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Table 6.13: Values of adsorption kinetic parameters of SCG-600 at varying adsorption
temperatures.

Isotherm model Parameters Value R?
Pseudo-first-order K1 min™) 1.5 0.96

ge (experimental, mmol/g) 2.8

qe (predicted, mmol/qg) 3.3

Pseudo-second-order K2 (g/mmol*min) 1.2
ge (experimental, mmol/g) 2.8 0.94

Qe (predicted, mmol/g) 4.5
Intra-particle diffusion Kia (mmol/g*min®®) 1.3 0.93

C (mmol/g) -0.5
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Figure 6.11: Arrhenius plot.
6.8 Conclusions

Biochar is environmentally friendly and a cheaper alternative than other common carbonaceous
samples available for post-combustion CO> capture. It is because it can be synthesized from
waste biomass residues available in large quantities, through one-step slow pyrolysis technique
at a relatively low temperature without exploiting sophisticated equipment or adding extra
chemicals. Regarding supply, biochar can be generated from sustainable and inexpensive
source like spent coffee grounds, so the source is abundant to explore further for slow pyrolysis.
In recent years, the spent coffee grounds have received significant attention as a potential
source of biomass for valorization. In this study, it was upgraded to produce pyrolysis biochar
for mitigating anthropogenic CO> emissions at relatively low technology risk. The effects of

pyrolysis operating parameters (temperature and heating rate) on biochar yield and textural
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properties were evaluated. It was observed that increasing the severity of pyrolysis temperature
and heating rate demonstrated a declining biochar yield. Also, increasing heating rate had a
detrimental impact on the textural properties but with the rise in pyrolysis temperature the
specific surface area was enhanced. In this regard, the physiochemical changes of the biochar
samples prepared at varying pyrolysis temperatures and at a constant heating rate were
analyzed by series of complementary analyses to ascertain their candidacy towards CO> capture
performance. Adsorption studies for CO2 were carried out to investigate the sensitivity of SCG-
600 to varying adsorption temperatures (30-90 °C) at ambient pressure with the CO2/N. feed
stream. Both adsorption temperatures and the type of adsorbents impacted the shape and
breakthrough time of the CO, adsorption. With the rise in adsorption temperature to 90 °C,
SCG-600 lost more adsorbed amounts of CO2 owing to the physical and exothermic nature of
the adsorption process. Comparatively the presence of high surface area and well-developed
porous structure of SCG-600 are found to be the governing parameters for significantly high
CO- adsorption under a typical post-combustion scenario. Additionally, the availability of
basic functionalities and high aromaticity of SCG-600 might have enhanced the CO2 adsorption
process. For SCG-600 basic functionalities facilitated the Lewis-acid-to-base interaction and
high aromaticity enhances the Van der Waals force between the biochar matrix and CO;
molecule. The maximum removal capacity of SCG 600 obtained was 2.8 mmol/g under the
investigated adsorption conditions (adsorption temperature at 30°C and inlet CO3
concentration of 30 vol% balanced by N>). The Adsorptive kinetic of SCG-600 followed the
pseudo-first-order kinetic model with low activation energy (> 25 kJ/mol), which indicated that
the adsorption was physical in nature. Overall, the relevance of high specific surface area, well-
developed microporous structure, non-polar characteristics, aromaticity, availability of N-6 and
N-5 nitrogenated species and basic oxygenated groups make SCG-600 a potential candidate
for a typical dynamic breakthrough-CO- capture adsorbent at industrial sites. Therefore, slow
pyrolysis compared to torrefaction can be proposed as an efficient thermochemical conversion
technique to produce biochar. Additionally, investigations are required to ascertain the
transformation of AC samples derived from further valorization of SCG-600 through physical
activation and surface functionalization in terms of textural properties and surface

functionalities to enhance the CO> removal performance under post-combustion condition.
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Chapter 7 Preparation of activated carbon from spent coffee grounds and
functionalization by deep eutectic solvent: Effect of textural properties and surface

chemistry on CO:2 capture performance
A version of this section of the thesis is submitted for publication in a peer-reviewed journal.

In addition, some portions of this chapter were presented at the following conferences, poster

presentations and 3 Minutes Thesis Competitions (3MT) (presented in Appendix A).
Conference Presentation:

Mukherjee, A., Niu C., & Dalai, A.K., "Carbon dioxide capture exploiting novel activated
carbon from spent coffee grounds”, oral presentation at Research for a Better World - A
Holistic Approach, Graduate Student Association (2019), Saskatoon, Canada, February 27" &
28™, 2019.

Mukherjee, A., Niu C., & Dalai, A.K., " Novel Activated Carbon from Spent Coffee Grounds
for CO2 Capture: Effects of Textural Properties and Surface Properties”, oral presentation at
Advances in Carbon Dioxide Capture & Utilization for Sustainable Climate (ACCUSC-2022),
Department of Chemical Engineering, National Institute of Technology, Rourkela, 4"-10" July
2022.

Poster Presentation:

Mukherjee, A., Niu C., & Dalai, A.K., "Activated carbon synthesized from spent coffee
grounds for carbon dioxide capture” poster presentation at 2nd Engineering Graduate Research
Conference (2" EGR), Saskatoon, Canada, September 13", 2021.

Contribution of the Ph.D. Candidate

In consultation with supervisors, the bench-scale adsorption set-up re-installed and calibrated
by Alivia Mukherjee. All the activated carbon samples were prepared by Alivia Mukherjee.
All the experiments were planned and conducted by Alivia Mukherjee. All the sample
characterizations were performed, and the related data were analyzed by Alivia Mukherjee.
The data analyses and interpretations were conducted by Alivia Mukherjee. Dr. Biswajit Saha
helped with the preparation of DES and functionalization of activated carbon samples and
reviewing the manuscript. All the written text was prepared by Alivia Mukherjee and all the

experiments were discussed with Drs. Ajay K. Dalai and Dr. Catherine Niu.
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Contribution of this chapter to the overall study

In Chapter 7, the importance of the influence of the activation parameters on specific surface
and AC yield were discussed. Furthermore, the role of surface chemistry along with the textural
characteristics on CO> capture performance had been evaluated. The activation parameters and
the functionalization agent are important factors in porosity and formation of the surface
functional groups on the surface of the produced activated carbons. To develop an activated
carbon adsorbent with tailored properties, the effects of the precursor and carbonization
techniques on CO- adsorption capacity and selectivity of activated carbons were studied. In
this chapter, the impacts of the activation conditions (temperature, holding time and CO. flow
rate) and functionalization using natural deep eutectic solvent (DES) on the textural properties
and surface chemistry of the prepared activated carbon samples are discussed and the

performances of the samples in CO2/N> feed stream is evaluated.
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7.1 Abstract

In this research, spent coffee grounds (SCG) have been selected as a potential feedstock to
synthesize activated carbon (AC) through a two-step physical activation technique. The
activation parameters were optimized by employing the Response Surface Methodology
(RSM) combined with the Box-Behnken design (BBD) method. The impact of input activation
parameters included the activation temperature (600-800 °C), activation time (60-120 min) and
CO:- flow rate (150-250 mL/min) were investigated extensively using BBD methodology. The
second-order quadratic model developed by ANOVA and lack-of-fit test well described each
response and the significant parameters. Accordingly, at the optimum conditions obtained at
800 °C, 90 min and 150 mL/min, the predicted response of specific surface area (1202.1 m?/g)
was in good agreement with the actual response of specific surface area (1224 m?/g). Natural
deep eutectic solvent (DES) has been used to tailor the surface functionalities of the optimized
AC (pristine) to alleviate the CO. capture performance. The change in textural characteristics,
surface chemistry and morphology of the pristine and DES-AC samples were characterized
and compared by using complementary analytical techniques, including ultimate analysis, ash
content, TGA, Sget, XRD, XPS and SEM analyses. The studies highlighted that the surface
area of the functionalized AC was reduced to 1033 m?/g, but more basic functional moieties
developed on the surface compared to pristine AC. The DES functionalized AC has shown
adequate CO; capture performance of 5.5 mmol/g compared to pristine AC (4.34 mmol/g) at
25 °C and 15 vol % of CO- (in N2). Furthermore, DES functionalized AC has shown excellent
cyclic stability and facile regeneration after multiple adsorption and desorption runs. Hence,
preparing activated carbon from SCG via two-step physical activation and DES impregnation
could be proposed as a promising valorization strategy to alleviate the CO2 emission problem

from a large-point stationary source.

160



7.2 Introduction

In the last few decades, anthropogenic emission of greenhouse gases, mainly carbon dioxide
(COy) in the ambient air, has been considered one of the primary driving forces due to the
assertion that it triggers global warming (Nasri et al., 2014) . The abnormal change in weather
patterns along with the noticeable rise in temperature is defined as global warming. The
emission of CO- accounts for about three-quarters of total greenhouse gas emissions and is one
of the critical factors in the worldwide climate change scenario and ocean acidification. Owing
to the mass combustion of the most utilized energy source such as fossil fuel resources
(petroleum or coal) to sate the global energy demand due to the abundant availability and
economic efficiencies, the emission of CO> and the global warming issue have triggered (Pu et
al., 2021). Presently, the atmospheric concentration of CO; has approached a level of
approximately 415 ppm from the pre-industrial time, which is already beyond the earth’s total
capacity (Rahman et al., 2020). Foreseen detrimental consequences of this phenomenon can be
observed globally, such as extreme forest fires and heatwaves, melting of ice sheets and
glaciers in the Antarctic, rising sea levels, damage to crops and health issues. The rise in global
average temperature by more than 2°C would lead to serious environmental consequences. It
can be attributed to the increased atmospheric concentration of CO2 to approximately 570 ppm
in 2100 (Han et al., 2019b). The scientific community and policymakers of developed and
developing nations should put joint effort to alleviate the massive consequences on the global

ecosystem and tackle the tremendous impacts on the terrestrial environment in future.

Carbon capture and storage (CCS) technologies would help to evade the disastrous impacts on
the eco-system strategically, combat carbon dioxide emissions and simultaneously allow the
usage and combustion of fossil fuels (Shewchuk et al., 2021). Among all the available CO>
capture technologies, the post-combustion CO> capture technique has comparatively gained
popularity owing to its low technological risk. It can be easily retrofitted to the existing
emission sources without excessive disturbance to their operational structure. CO: is trapped
from the flue gas streams emitted after fossil fuel combustion in the post-combustion capture
technique to combat global warming (Kumar et al., 2020). Commonly used post-combustion
CO2 capture techniques include amine-based or ionic-liquid-based absorption, cryogenic
distillation technique, membrane separation and adsorption with solid adsorbents (Chao et al.,
2021). Although adsorption on solid adsorbent has been proposed as a mature and promising

capture technique instead of chemical absorption using amine-based solvents. The process
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challenges of amine-based absorption often encountered include high heat of absorption, high
energy demand for regeneration, solvent losses, corrosivity of the reaction medium and
expensive economics (Ogungbenro et al., 2017). Recently, intensive research interests have
been paid to developing carbon-based adsorbents with higher adsorption capacity, affinity,
renewability, and faster Kinetics, such as zeolites (Lu et al.,, 2008) and metal-organic
frameworks (Wu et al., 2010), and engineered carbonaceous porous materials (biochar or
activated carbons) (Mukherjee et al., 2021a, Mukherjee et al., 2019). A strategy to promote a
bio-based and sustainable economy could be achieved by undergoing valorization of
lignocellulosic biomass to produce value-added products like biochar or activated carbons

(ACs) that could eventually minimize the accumulation of waste.

In Canada, biomass-derived from coffee industries mainly spent coffee grounds (SCG) are
underutilized and are arbitrarily disposed of in open landfills, escalating severe environmental
issues like methane (CHs) generation. However, SCG has displayed interesting inherent
physicochemical properties that could be valorized to produce value-added products
(Mukherjee et al., 2021a). Valorising spent coffee grounds to synthesize AC brings two-fold
benefits from the commercial perspective. Firstly, the volume of SCG generated can be reduced
and secondly, its outstanding physicochemical properties can be utilized to produce
carbonaceous adsorbent that can trap recalcitrant CO». Our previous study investigated the CO>
adsorption potential of biochar derived from SCG from torrefaction (Mukherjee et al., 2022)
and slow pyrolysis (Mukherjee et al., 2021a). In that study, we examined the physicochemical
properties of SCG-derived biochar synthesized and used for CO. capture performance. The
torrefied biochar synthesized using SCG at the extreme torrefaction conditions (300 °C)
removed 0.38 mmol/g of CO- from the flue gas stream at 25°C and in presence of 30 vol% of
COz in Na. Similarly, under a typical post-combustion capture scenario, the highest CO>
removal obtained using biochar derived from SCG at 600 °C was 2.8 mmol/g at 30 °C and 30
vol% of CO.. However, further thermal treatment at elevated temperature or surface
functionalization is necessary to enhance the CO; adsorption performance. However, very few
studies have compared the potential of torrefaction and slow pyrolysis as the thermal treatment
technique before undergoing the two-stage physical activation to synthesize AC. The synthesis
of AC has grabbed immense attention owing to its ease of synthesis from various low-cost
precursors such as SCG, well-organized internal porous structure, higher specific surface area,
a wide range of surface functionalities and ease of regeneration (Zhu et al., 2014). Furthermore,

the synthesis of AC utilizing lignocellulosic biomass can be proposed as a potential strategy to
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promote a bio-based economy owing to its abundant availability at a low price with prospective
to compete with commercial AC, which is mainly synthesized from non-renewable sources and

are generally expensive (Rashidi and Yusup, 2019).

Conversion of SCG to AC could be executed through two activation pathways: physical and
chemical activation techniques. Amongst the two activation techniques, the physical activation
technique is preferable owing to the absence of harsh chemical treatment. It doesn’t involve
any additional corrosion problems and washing stage. Contrary in the chemical activation
technique, both carbonization and activation steps proceed simultaneously as a single step but
in the presence of harsh chemical activating agents. Potassium hydroxide (KOH) has been
widely applied as one of the popular chemical activating agents but has high susceptibility to

human health and the ecosystem.

Synthesis of ACs via physical activation involves a twofold process of pyrolysis and
subsequent activation in the presence of suitable oxidizing agents for instance air, steam (H20)
or CO2 (Mukherjee et al., 2019). The preparation of ACs for gas-phase applications such as
CO. adsorption and the selection of a suitable oxidizing agent is imperative. Preparing
activated carbon using air is not preferred owing to its high surface burn-off and low carbon
yield. Amongst the oxidizing agents, steam and CO> are widely applied as the activating agents
that undergo endothermic reaction with adequate temperature controllability during the
activation process. The steam activation process involves generating steam using a steam
generator and a metering pump and is more energy-intensive than CO> activation. In CO>
activation, the activating agent can be consumed directly from the gas tank. Also, the CO>
activation process permits tailoring of the pore structure and generates narrow microporosity
compared to steam activation (Heo and Park, 2015). This behaviour of developing different
porosity by the activating agents (H20 and CO>) could be attributed to the way of interacting
with the active sites of the carbonaceous material located at the pore-centre and pore-wall
(Smets et al., 2016). The CO> penetrates the internal structure of the biochar during activation
and reacts with the unstable carbon and unreachable pores by eliminating carbon monoxide
(CO) and generating narrow microporosity. Hence, the CO activation process is an economical
and more convenient pathway to synthesize ACs for CO capture than steam activation
(Rashidi and Yusup, 2019). Accordingly, in this regard, physical activation using CO2 has been
explored as a more straightforward strategy. It has the potential to synthesize porous carbo-

based adsorbents with well-developed textural properties and surface functionalities.
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Owing to the weak Lewis acidic nature, CO2 can be trapped well onto a basic surface or surface
containing N-functional moieties, resulting in a superior adsorption behaviour, and attributed
to the acid-base interaction. Extensive research is still required to replace harsh chemical
activating agents with a green and environmentally friendly solvent. Several research initiatives
have been going on to modify the surface functionalities of activated carbon using ecologically
friendly chemicals to trap CO2 molecules from flue gas streams. Natural deep eutectic solvents
(DES) with many unique characteristics such as thermal stability, non-toxicity, biodegradable
components, ease of synthesis and application can be referred to as the environmentally
friendly green solvent. DES can be considered a suitable solvent owing to its abundant
availability, biodegradability, performance, and price, which can enhance the surface
functionalities by adding more basicity for superior CO, capture performance that can be
replaced with any harsh chemical solvents. Few pieces of literature available have shown the
comparative performance of raw and functionalized activated carbon with DES derived from
two-step physical activation using SCG as the precursor. Recently, Hussin et al., (2021) have
studied and compared the CO> capture performance of raw and functionalized AC derived from
palm shells. They explored the usage of deep eutectic solvent (DES) synthesized using different
molar ratios of choline hydroxide, glycerol, and urea to tailor the surface functionalities of the
raw AC sample with more N-containing functional moieties. They reported that DES
synthesized using choline hydroxide and urea has shown superior CO> capture performance
than other functionalized (choline hydroxide: glycerol) and raw AC samples has shown

superior stability performed under a similar capture scenario and.

Furthermore, manipulating the activation pathway is crucial to synthesizing activated carbon
with a higher specific surface area well-organized pore structure with a wealth of diverse
functional groups. In this regard, the one-parameter factor at a time methodology has been
studied extensively and mainly reported to determine the optimum activation conditions.
However, with many process parameters, these single-dimensional searches become time-
consuming and uneconomical as it overlooks the interaction between independent input
parameters. In recent response surface methodology (RSM) has been employed to study
optimizing the process parameters and their interaction between different process parameters.
The RSM, coupled with the Box Behnken Design (BBD), has become an efficient statistical
tool to synthesize optimized AC. Among all other statistical design tools, the RSM has shown
the potential to be an efficient statistical tool for optimizing the activation conditions. It is a

well-established design methodology that uses the least number of experiments but also
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analyses the interaction between different process parameters towards the output response.
Furthermore, it can avoid treatment combinations at an extreme range and can efficiently
estimate if the points are at the centre or at the mid-points of the edges of the process (Lim et
al., 2021).

This study aimed to synthesize AC from SCG-derived biochar (SCG-600) using CO»-induced
physical activation to have desired elemental composition, well-developed textural properties,
and availability of basic surface functional moieties. For this reason, activation parameters
significantly influencing the physicochemical properties of AC were optimized using the RSM
coupled with the BBD methodology. The influence and interaction of three activation input
parameters, namely activation temperature (°C), holding time (min) and CO, flow rate
(mL/min), were evaluated towards the specific surface area (Sget) and total AC yield (wt%).
Furthermore, this study compares the specific surface area and CO. capture performance of
torrefied and slow-pyrolysis derived AC samples synthesized under the optimized conditions.
Consequently, the novelty of this study is that it involves DES functionalization of SCG-
derived AC. The performance of optimized pristine and DES functionalized activated carbon
were compared in terms of diverse and complimentary physicochemical analytical techniques
such as ultimate analysis, ash content, textural characteristics (Sger, pore-volume and pore-size
distribution), TGA analysis, CO2-TPD analysis, XPS, XRD and SEM analyses. Moreover, the
effects of adsorption temperature and CO> concentrations on the equilibrium CO> adsorption
capacity were assessed to obtain a co-relationship between the adsorption capacity and the
adsorption conditions under simulated feed conditions. The stability of AC samples was
analysed through the multiple adsorption-desorption cycle technique. Finally, the as-
synthesized optimum activated carbon and data from literature were compared and tabulated

in terms of the CO> adsorption capacity.
7.3 Box-Behnken experimental design and statistical analysis

Box-Behnken design (BBD) in Response surface methodology (RSM) is a strong mathematical
and statistical tool, which is adopted to evaluate the relation between independent input process
parameters and output responses for the determination of the optimum condition by reducing
the number of experiments and thus the overall cost of experiment. Owing to its simplicity and
feasibility, it provides meaningful conclusions with interactive effects of operating parameters
on output responses (Das and Mishra, 2017). In this research, three independent factors and
three level Box-Behnken design (BBD) method were utilized to investigate the correlation
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between the combined and interaction effects of individual input process factors (activation
temperature, holding time and CO: flow rate) to both responses (specific surface area and
activated carbon yield). The factors and levels examined in this research to perform the CO>
activation is shown in Table 7.1. The activation temperature, holding time and CO- flow rate
were chosen as the crucial parameters to be optimized owing to their significant influence on
the specific surface area (Sger, m?/g) and AC yield (Wt %). The input parameters were
designated as A, B and C varied from low to high values and were coded as -1, 0 and +1 as
summarised in Table 7.1. In this regard, A represented the activation temperature (600-800
°C), B the holding time (60-120 min) and C, the CO. flow rate (150-250 mL/min). The
complete design matrix of in actual and coded values along with the responses (actual and
predicted) is summarized in Table 7.2. The Three-factors-three level BBD model comprises a
total of 17 runs among which 12 are factorial and 5 central runs. The responses chosen for this
study were specific surface area (Y1) and AC yield (Y2) at atmospheric pressure and ambient

temperature conditions.

Table 7.1: Factors and levels in CO; activation.

Coded levels
Factors Name Symbol Unit Low Intermediate High
(-1) () (+1)
A Activation X1 °C 600 700 800
temperature
B Holding time X2 min 60 90 120
CO; flow rate X3 mL/min | 150 200 250

7.4 Materials and Methodology
7.4.1 Biomass collection, slow pyrolysis, physical activation, and functionalization

The details regarding the biomass collection, pre-treatment, slow pyrolysis (chapter 6) and
physical activation of SCG to synthesize physically activated AC, preparation of DES and
functionalization using DES at different molar ratios are presented in detail in chapter 3. In this
regard, the total yield of AC (wt.%) is calculated using Eq. 3.1, as stated in chapter 3. Also, the
methodology adapted to execute this phase of the research is represented schematically in

Figure 7.1.
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Figure 7.1: Methodology adapted to execute the research-objective 4.
7.4.2 Breakthrough carbon dioxide adsorption performance

The details regarding the breakthrough CO adsorption setup, breakthrough adsorption
performance and selectivity are presented in chapter 3. Before assessing the breakthrough CO>
capture performance, the fixed-bed reactor was loaded with 2+0.1 g of AC samples and pre-
heated at 120 °C for 2 h under a nitrogen (N2) environment. This was followed by cooling down
the reactor to the desired column temperatures (25-70 °C), and the feed gas was switched to a
mixture of CO2/N2and the adsorption process continued until a point of saturation was reached
when the CO. concentration in the outlet became equal to the CO2 concentration in the inlet.
CO- adsorption capacity in this study was determined using the equation stated in chapter 3
(Eq. 3.4). The adsorption process at 25 °C and desorption process at 120°C was repeated several
times to assess their durability under multiple cycles. The AC samples were subjected to 15
consecutive cycles of adsorption and desorption to examine their ability to regenerate and

stability.
7.5 Results and discussions
7.5.1 Development of regression model equation

The complete three-factor-three-level design matrix for the activated carbon production with

the respective experimental (actual) and predicted values of specific surface area (Y1) and AC
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yield (Y2) are summarized in Table 7.2. The findings demonstrate that the specific surface area
(Y1) ranges from 577-1224 m?/g while the AC yield (Y2) is found in the range of 55.3-64.8 wt.
%. In this regard, the sequence of these experimental runs was randomly accomplished to avoid
bias errors due to inessential factors. Also, the 5 central runs were performed to estimate the
experimental errors and data reproducibility of the experimental runs (Das and Mishra, 2017)
. It can be observed from the Table 7.2, that the predicted values and the experimental findings
are in proximity, demonstrating that the developed model could identify the co-relationship
between the combined effect of the process parameters toward both the responses.

The sequential model sum of square formed the basis of selection of the appropriate model to
predict the responses based on the highest order polynomial term in which the additional terms
are not aliased but significant (Rashidi and Yusup, 2019). Accordingly, the findings revealed
that quadratic models suitable to describe the responses to specific surface area (Y1) and AC
yield (Y2) owing to the lower standard deviation and higher R? value. The final empirical
models for the responses Y1 (specific surface area) and Y. (AC yield) are represented by the
following Egs. (7.1) and (7.2) in terms of coded factors.

Y: = 746.60 +248.63A + 42.63B -21.50C +39.75AB-51.50AC +9.00BC +75.33A2 -18.18B2
+40.58C2. ..., (7.1)

Y2 =62.10 - 3.35A - 1.15B +0.22C - 0.60AB -5.4x10-AC +0.100BC - 1.23A2 -0.23B2
0.47C2eieeeeeeeeeceeenn(1.2)

Using the abovementioned equations, the predicted responses of the specific surface area (Y1)
and AC yield (Y2) were evaluated. The type of effect each term has on the model is determined
by observing the sign in front of each coefficient. Referred to the regression Egs. (7.1) and
(7.2), the plus sign in front of each coefficient revealed a synergistic or a positive impact,
whereas the minus sign characterized the antagonistic or negative effect in the value of the
responses (Y1 and Y?2) (Das and Mishra, 2017). From the Eq. (7.1), it can be observed that the
constant 746.60 was independent of any factors either independent or interactions. It can also
be observed from Eqg. (7.1) that the linear terms, A and B (except C), interactive terms AB and
BC (except AC) and quadratic terms A? and C? (except B?) had a positive impact on the specific
surface area (response: Y1) of the AC samples. The findings denote that with increasing the
magnitude of the parameters with a positive sign would have a positive influence on the specific
surface area of the AC samples. Similarly, from the Eq. (7.2) it was evident that the constant

62.10 was independent of any factors and the linear terms except C, interactive terms except

168



BC and the quadratic terms have negative influence in AC yield (response: Y2). Consequently,
with increasing magnitude of the corresponding parameters with negative sign there will be a

negative impact on the total AC yield (wt. %).
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Table 7.2: Experimental and model predicted responses by varying the activation input parameters.

Std. Run Real Value Coded Value Specific surface area (m?/g) Activated carbon yield (wt. %)
No.
R1 R2 R3 C1 C2 C3 Actual Predicted Actual Predicted
4 1 800 120 200 1 1 0 1146 1152.8 55.3 55.6
15 2 700 90 200 0 0 0 767 764.6 61.7 61.2
6 3 800 90 150 1 0 -1 1224 1202.1 57.4 57.1
17 4 700 90 200 0 0 0 747 752.3 62.5 63.1
5 5 600 90 150 -1 0 -1 611 602 63.5 63.8
1 6 600 60 200 -1 -1 1 577 570.3 64.8 64.5
2 7 800 60 200 1 -1 1 982 988 58.7 59.1
10 8 700 120 150 0 1 -1 827 842.1 60.2 60.3
14 9 700 90 200 0 0 1 757 764.6 61.8 62.1
3 10 600 120 200 -1 1 0 582 576 63.8 49.7
11 11 700 60 250 0 -1 1 729 714 63 62.9
12 12 700 120 250 0 1 1 833 817 60.8 60.9
16 13 700 90 200 0 0 0 768 762 62.5 62.1
9 14 700 60 150 0 -1 0 759 774.9 62.8 62.7
13 15 700 90 200 0 0 0 784 764.6 62 62.1
7 16 600 90 250 -1 -1 1 640 662 64 64.3
8 17 800 90 250 1 0 1 1047 1056.1 57.9 57.6

Note: (R: Real value) R1: Activation temperature; R2: Holding time; R3: CO; flowrate and (C: Coded value) C1: Activation temperature C2: Holding time and C3:

CO; flow rate.
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7.5.2 Statistical analysis

The model appropriateness and significance can be further validated through the analysis of
variance (ANOVA) (Tang et al., 2013). In this regard, ANOVA was conducted to corroborate
the stability of the quadratic model as suggested by the Design Expert® software (version
9.0.6) for both the responses specific surface area (Y1) and AC yield (Y2) and summarised in
Tables (7.3) and (7.4), respectively. In ANOVA analysis, the statistical significance of the
corresponding parameter can be evaluated from the model F value and p values. As can be
observed in Table 7.3, for the response Y1, the model F-value of 145.47 and prob> F= <0.0001
verified the sufficiency and appropriateness of the model suggested by the Design expert®
software. In addition, there is 0.001% chance that an F value (145.47) this large could occur
due to noise. Fundamentally, the significance of the model term is indicated by the p-value
and the value indicates the probability in getting results closer to the actual data with a small
difference. For instance, p-value of <0.05 indicates that the term is significant, otherwise the
p-value higher than 0.1 means that the term is irrelevant. Thereby for Y it was observed from
the Table 7.3, taking F and p values into consideration of the parameters for response Y4, all
linear parameters A (activation temperature), B (holding time) and C (CO- flow rate), the two-
level interactions of AB and AC (except BC) and quadratic interactions of A% and C? (except
B?) are significant terms. The combined impact of activation temperature and holding time
(AB) as well as the interactive effect of activation temperature and CO> flow rate (AC) had a
significant effect on the specific surface area (Y1). However, for response Y1, the combined
interaction between the holding time and gas flow rate (BC) were insignificant and had no

significant impact on the response Y.

In addition, results of ANOVA in Table 7.4 (response Y2, AC yield) confirm the sufficiency
of the model with high F-value (64.10) and a very low probability value. The main effect of
linear factors (A and B), double impact of the activation temperature and holding time (AB)
and quadratic term (A?) are statistically significant terms for activated carbon yield (Y2). In
addition, Lack-of-fit also determines the adequacy of the model and should be insignificant for
the reliability of the model. As can be observed from the Tables 7.3 and 7.4, the F-value of
lack-of-fit of 3.94 and 1.71 infers that the lack-of-fit is insignificant compared to the pure error.
It also infers that there are 10.93% and 30.16% chance that lack of fit this large could occur

due to noise for response Y1 and Y2, respectively. Furthermore, based on the model F-value
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(145.47), the ANOVA analysis of the response Y1 (specific surface area) is more significant
over the model F-value (64.10) for response Y (total AC yield).

Table 7.3: Specific Surface area (response: Y1).

Source Sum of df Mean square | F-value | p- value
squares
Model 5.629 x10° 9 62538.96 145.47 <0.0001
(Significant)
A-Activation 4.945x10° 1 4.945x10" 1150.25 | <0.0001
temperature
B-Holding time | 14535.13 1 14535.13 33.81 0.0007
C-Flow rate of | 3698 1 3698 8.61 0.0219
CO2
AB 6320.25 1 6320.25 14.70 0.064
AC 10609.00 1 10609.00 24.68 0.0016
BC 324 1 324 0.75 0.4141
A? 23889.92 1 23889.92 55.75 0.0001
B2 1390.87 1 1390.87 3.24 0.1151
C? 6931.92 1 6931.92 16.12 0.0051
Residual 3009.45 7 429.92 - -
Lack of fit 2248.25 3 749.42 3.94 0.1093
(Not significant)
Pure error 761.20 4 190.30
Cor Total 5.65x10*° 16

Preferably, the large value of regression coefficient (R?), adjusted R? (adj-R?) and predicted R?
(pred-R?) determines the model adequacy. The goodness of fit (R? and adj-R?) were evaluated
further to validate the reliability of the model suggested by the software. Regression coefficient
(R?) is a significant parameter that determines the extent of how well the model fits the
observation data. Consequently, regression coefficient (R?) closer to unity is desirable to
determine the goodness of fit. The model fit summaries presented in Table 7.5 demonstrates
specifically the regression coefficient (R?) of the model for responses Y1 and Y2 were 0.995
and 0.988, respectively. The values of regression coefficient obtained for the responses (Y1)
and (Y2) were very high to advocate for the significance of the model. The findings demonstrate
the response variation of 99.5 % and 98.8% owing to the independent parameters. Although
only 0.05% and 1.2% of the total response variation cannot be described by the fitted model.
In this regard, the obtained R? value indicates a good appropriateness of this model as it exceeds
the minimum value of 0.8. In addition, the adj-R? of 0.9878 and 0.9726 were in reasonable
agreement with the pred-R? of 0.9343 and 0.8839 for response of Y1 and Y2. The findings also
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confirm the good predictability of the model, owing to the difference between adj-R? and pred-
RZis within 0.2.

Table 7.4: Activated carbon yield (response: Y2).

Source Sum of squares | df Mean F-value | p-value
square
Model 109.19 9 3.39 64.10 <0.0001
(Significant)
A-Activation 89.78 1 10.65 474.31 <0.0001
temperature
B-Activation 10.58 1 0.0004 55.89 0.0001
time
C-Flow rate 0.40 1 0.3267 2.14 0.1869
AB 1.44 1 0.0625 7.61 0.0282
AC 0.000 1 0.25 0.00 1.000
BC 0.040 1 0 0.21 0.6597
A? 6.32 1 2.91 33.38 0.0007
B2 0.21 1 0.0283 1.13 0.3238
C? 0.13 1 0.9698 0.68 0.4364
Residual 1.32 5 0.0405
Lack of fit 0.74 3 0.0608 1.71 0.3016
(Not significant)
Pure error 0.58 2 0.01
Cor Total 110.52 14

Furthermore, the reliability of the suggested model can be further assessed through the findings
of additional influential parameters such as coefficient of variation (CV) and adequate
precision (AP) as summarised in Table 7.5 for both the responses. Adequacy precision
evaluates the ratio of signal to noise (S/N). For the suggested model to be adequate, AP should
be equal to or above 4 is desirable (Mashhadimoslem and Izadpanah, 2022). AP responses for
Y1 and Y2 noted were 39.73 and 26.97, respectively, which are far above the value of 4 which
signifies an adequate signal, and the model could navigate the design space. Furthermore, the
CV is also an influencing factor that determines the significance of the model suggested by the
Design Expert® software. As can be seen from Table 7.5, the CV value of both responses (2.6
and 0.7) are less than 10%, and consequently, it recommends that this model is feasible and

advocates the reproducibility of the experiment.
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Table7.5: The model fit summaries for the responses (specific surface area and activated
carbon yield).

Model fit summaries Specific surface area Activated carbon yield
(Y1) (Y2)

Standard Deviation (S.D) 20.7 0.4

Mean 810.6 61.3
Coefficient of variance (C.V %) 2.6 0.7
R-squared (R?) 0.9947 0.9880
Adj-R? 0.9878 0.9726
Pred-R? 0.9343 0.8839
Adequate Precision (AP) 39.73 26.97

7.5.3 Effects of process parameters on specific surface area

The effectiveness of activated carbon is determined by its specific surface area (Sger, m?/g).
Referring to ANOVA analysis for response specific surface area (Y1) in Table 7.3, the
activation temperature is a significant parameter influencing the specific surface area with a p-
value of <0.0001 and F-value of 1150.25 followed by holding time (F-value: 33.81) and CO-
flow rate (F value: 8.61). The perturbation plot in Figure 7.2 (a) corroborates the findings and
reveals the significant impact of activation temperature on specific surface area owing to the
greatest slope. The specific surface area enhanced from 577 to 1224 m?/g with the increasing
temperature from 600 to 800 °C. At higher activation temperature (800 °C) the endothermic
reaction between the carbon-matrix and CO. intensifies. Hence, release of volatile matter,
elimination reactions and dehydration reactions are accelerated leading to the pore
development and higher specific surface area. Furthermore, the micropore development
contributes to higher specific surface area is assisted by providing adequate holding time of
around 70-90 min. A similar finding was also reported by Yuan et al., (2018), where they
observed that with increasing the carbonization temperature to 900 °C, the specific surface area
of the activated carbon sample increased in the range of 1003-1317 m?/g. On the other hand,
extended holding time could cause widening of pores and results in reduced specific surface
area. Similarly, intensifying the CO; flow rate to the highest point could negatively impact the
specific surface area owing to the severe reaction between the carbon-skeleton and CO:

resulting in pore shrinkage. In this regard, the maximum surface area of the AC sample in the
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range of 982-1224 m?/g was obtained at the activation temperature of 800 °C and holding time
of 60-120 min. The findings are further validated by the design matrix summarized in Table
7.2. In addition, referring to Table 7.3, the specific surface area was mostly impacted by the
interactive interaction effect of activation temperature and holding time (AB). A 3-D response
surface plot is presented in Figure 7.1 (b) that demonstrates the double effect of the significant
factors activation temperature and holding time (A and B) on the response specific surface area
(Yo).

7.5.4 Effects of process parameters towards activated carbon yield

The Figure 7.3 (a) displays the perturbation plot response plot of the AC yield (Y2) as a function
of activation temperature (A), holding time (B) and CO- flow rate (C). From Figure 7.3 (a), it
can be observed the activation temperature significantly influences the variation in AC yield
owing to the steep curvature of the slope. On the other hand, hold-time and CO> flow rate are
less sensitive towards the response Y due to their moderate straight line. The AC yield (64.8
wt %) was maximum at the lowest temperature (600 °C) and reduces with the increasing
temperature to 55.3 wt. % at 800 °C. Referring to Table 7.4, the findings can be further
validated by the F-values (474.31) of the activation temperature which indicate that it is an
influential parameter towards Y>. The decline in the product yield is a predictable observation
and the plausible explanation of this could be accelerated dehydration and elimination reaction
to kick off the volatile matter at higher temperature. Consequently, the amount of carbon yield
is impacted and reduces. The carbon yield is also negative impacted by the extended holding
time and intense CO> flow rate. Although, the influence is not as apparent as activation
temperature as can be observed from the F-value of hold-time (55.89) and CO2 flow rate (2.14)
were not that apparent as can be seen from Table 7.4. This behaviour can be attributed to the
excessive carbon burn-off and tar devolatilization with prolonged holding time and shrinkage
in carbon matrix with intense CO> flow rate. A 3-D response surface plot is presented in Figure
7.2 (b) that demonstrates the interactive effect of the significant factors activation temperature
(A) and holding time (B) on the response of AC yield (Y2). Rashidi and Yusup, (2021) has also
reported a similar findings of declining product yield with increasing temperature, retention

time and CO: flow rate.
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Figure 7.2 (a): Perturbation plot of specific surface area (response: Y1), (b): 3-D response of specific surface area (CO2 flowrate constant).
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7.5.5 Process optimization and validation

Relatively excellent textural properties (Sget) and high AC yield are estimated to guarantee the
effectiveness and economic feasibility of the mass activated carbon production process.
Consequently, high specific surface area and high yield of AC is desirable from economic point
of view. Optimizing the AC production condition is essential to determine the optimum process
parameters to synthesize AC with larger specific surface area and high yield of AC. Although,
optimizing the responses by applying the same conditions could be challenging owing to the
difference in the region of interest of the process parameters. Hence, to determine the optimum
activated carbon production conditions, the desirability approach in the Design-Expert®
software was applied to meet the initial objective to generate high specific surface area with
adequate AC yield (Y2). Further, a confirmatory experiment was performed to validate the
reproducibility of the responses generated from the software. In this regard, the optimization
criteria were set to maximize in the response values within the actual domain for specific
surface area (577-1224 m?/g) and AC yield in the range of (55.3-64.8 wt. %). Based on the
analysis the following conditions were obtained as the optimised process conditions with the
maximum value of the desirability function (0.95): activation temperature (800°C), holding
time (90 min) and CO; flow rate (150 mL/min). The validation runs at the optimum levels were
performed and the findings are summarized in the Table 7.6. At the optimal condition, the
predicted response values for surface area and AC yield were 1202.1 m?/g and 57.1 wt. %,
respectively. It can be observed from Table 7.6, that the experimental findings are in closer
proximity to the predicted values with relatively small differences of £3.3 and +0.4 for both
the response Yiand Y2, respectively. Also, the errors associated with the AC yield (Y2) is less
than the errors associated with the specific surface area (Y1). In this regard, Rashidi and Yusup,
(2021) and Abioye et al., (2020) have reported a similar findings and have confirmed that to
substantiate the model the difference between experimental findings and predicted value should

not exceed 10%.

Table 7.6: Validation of actual data evaluated at the optimum activation conditions.

Response Predicted Actual value Standard

value deviation
Specific surface area (Seer, Y1) | 1202.1 m?/g 1224 m?/g 3.3
Activated carbon yield (AC, Y2) 57.1 wt.% 57.4 wt.% 0.4
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7.5.6 CO2 adsorption screening

Adsorption is a transitory phenomenon, and the extent of adsorption capacity of an adsorbent
is dependent on the breakthrough adsorption time. The CO. adsorption test was performed to
determine the breakthrough time and CO: adsorption capacity of DES functionalised AC
samples. The breakthrough time along with the adsorption capacity are summarised the
findings in Table 7.7.

Table 7.7: CO2 adsorption performance of DES-treated AC samples.

Sample Breakthrough time Adsorption capacity (mmol/g)
(min)
AC-DES-0.1 9 3.8
AC-DES-0.2 12 4.2
AC-DES-0.3 15 4.8
AC-DES-0.4 23 5.5

The findings from Table 7.7 depicts that the type of adsorbent influences the breakthrough
adsorption time and adsorption capacity. As can be seen in Table 7.7, the longest breakthrough
of 23 min was observed in DES-AC-0.4. The identified breakthrough time for other DES
treated samples increased in the following order: AC-DES-0.1 (9 min), AC-DES-0.2 (12 min)
and AC-DES-0.3 (15 min). The highest adsorption capacity of AC-DES-0.4 can be attributed
to the availability of higher elemental N and active sites on the surface of the sample that
significantly influences the CO> adsorption performance. Based on its longest breakthrough
time and highest CO> adsoprtion capacity, AC-DES-0.4 was selected as the basis of
functionalised AC sample for further comparative physicochemical analyses and CO- capture

performance with pristine AC (AC-CO3) synthesized under the optimum activation conditions.
7.5.7 Evaluation between torrefied biomass and biochar derived activated carbon

This study assessed the impact of pre-thermal treatment conditions torrefaction (Mukherjee et
al., 2022) and slow pyrolysis (Mukherjee et al., 2021a) before undergoing the two-stage
physical activation technique. In this regard the textural characteristics and breakthrough CO-
capture performance of the AC samples derived from the torrefied biomass (SCG-300-1) and
biochar (SCG-600) samples were assessed. The specific surface area of the AC samples
synthesized under the optimised activated conditions of 800 °C held for 90 min under CO at
150 mL/min were 552 and 1224 m?/g from SCG-300-1 and SCG-600, respectively as the

starting material. The surface area obtained using SCG-600 is almost twice the one synthesized
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using SCG-300-1 and this behaviour could be attributed to the already well-developed
microporous structure and surface area of SCG-600 and removal of volatiles after CO>
activation. Furthermore, the breakthrough CO> adsorption capacity of the AC samples were
examined at 25 °C and 1 atmospheric pressure in the presence of 15 vol% of CO> balanced by
N2. The highest equilibrium adsorption capacities obtained were 2.87 and 4.34 mmol/g for
TAC-CO; and AC-COg, respectively. The difference in performance could be attributed to the
well-developed porous structure and availability of high specific surface area of AC-CO..
Therefore, for further analyses, functionalization, and breakthrough CO> adsorption
experiments, AC-CO- was selected as the promising AC sample prepared from slow pyrolysis
of SCG compared to TAC-COx.

7.5.8 Ultimate analysis and ash content

The ultimate analysis was performed to estimate the value of elemental carbon, hydrogen,
nitrogen, and sulphur in AC samples derived from SCG using CHNS/O analyser that is
summarised in Table 7.8. In this regard, the oxygen is calculated by the difference. The results
of the analysis demonstrate that the hydrogen (H) and oxygen (O) content decreased in both
the AC samples owing to the release of the hetero atoms in the form of gas at the high activation
temperature and the findings are consistent with the findings reported by Hussin et al., (2021).
Accordingly, an enhancement in carbon (C) and nitrogen (N) content and declining trend of H
and O content has been detected upon CO> activation and DES impregnation process in the
sample. Improved N content in DES treated sample would also indicate successful doping of
N atoms in the carbon matrix. Enriched C and N content in AC-DES-0.4 sample would promote
the CO> adsorption owing to the improved Vander Waals force and acid-base interactions
(Hussin et al., 2021). Minimal ash content of the precursor as reported in the previous chapter
(chapter 6) is favourable for optimal yield of AC production as depicted in Table 7.2. From
Table 7.8, it is observed that the C and N content enriched in the range of 92.0 wt% to 92.5 Wt
% and 2.8 wt% to 4.1 wt% for pristine and DES impregnated AC samples.

Table 7.8: Ultimate analysis and ash content of pristine and DES-treated AC samples.

Elemental analysis* (wt. %) Ash content
Sample C H N S O* (wt. %)
AC-DES-0.4 92.5 0.8 4.1 -N/A- 1.5 11
AC-CO2 92.0 1.2 2.8 -N/A- 2.3 1.7

*Q content: 100- (C +H +N +S+ Ash) wt. %
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7.5.9 XRD analysis

X-ray diffraction (XRD) pattern of the AC samples from SCG is illustrated in Figure 7.4. The
XRD-patterns have a substantial intensity in low-angle scatter, indicating the presence of pores
in the AC samples as also evident from the SEM analysis presented in 7.5.14. The XRD pattern
exhibited two broad diffraction peaks at about at about 26 = 26° and 43°as illustrated in Figure
7.4, which correspond to the (002) and (100) planes interlayer reflection of graphitic carbon in
the AC samples (Mashhadimoslem and lzadpanah, 2022). Broad diffraction peak at 26°
indicate that the AC samples have a semi-crystalline form structure in the local region and
stacked aromatic layer form structure of carbon matrix and formation of graphitic carbon in the
AC samples (Serafin et al., 2021). However, after the impregnation, the intensity of the
diffraction pattern of DES treated AC samples reduced and gets weaker. Although, no
significant difference could be observed in the XRD-diffraction pattern (Figure 7.4). The
findings reveal the appearance of typical amorphous graphitic carbonaceous structure which
could be due to the presence of stacked-disordered carbon rings in the carbon samples. It is
favourable for CO> adsorption owing to the development of well-defined porous structure as
also evident from the textural characteristics. Hussin et al., (2021) also reported a similar
finding on the development of amorphous and porous structure after the activation process and

reduced peak-intensity after the DES modification of the AC samples.
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Figure 7.4: XRD analysis of pristine (AC-CO2) and DES treated AC sample.
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7.5.10 Thermogravimetric analysis

The thermal degradation pattern of the selected AC samples was studied under the N>
atmosphere, and the result is illustrated in Figure 7.5. The TGA analysis was conducted
between 25 to 600 °C to identify the mass reduction of each carbonaceous samples. The TGA
results of the AC samples indicated that activation occurs via a series of processes including
removal of surface-bonded moisture and volatile matter, formation of carbon backbone and
development of the porous network in the carbon matrix. Accordingly, the temperature profile
of the samples is divided in three phases: (i) 25-100 °C, (ii) 100-400 °C and (iii) 400-600 °C.
The first phase refers to the removal of moisture content from the carbonaceous samples.
Minimal moisture content (1.3-3.4 wt %) for pristine and DES treated AC samples could be
beneficial for CO> adsorption. Referring to Figure 7.5, onset temperature of both the AC
samples were between 400 and 500 °C. An appreciable shift in the onset temperature in both
pristine and DES treated AC samples compared to the precursor could be attributed to an
accomplishment in de-volatilisation of the volatile components throughout the CO, activation
process. It can be observed that after the CO» activation process at higher activation
temperature and functionalization the thermal stability of the AC samples improved
dramatically compared to raw SCG as reported in the previous chapter (chapter 6). As can be
observed from Figure 7.5, the stability of the carbonaceous adsorbents can be clearly observed
mainly in the phases (ii) and (iii). After CO2 activation, both the AC samples exhibited
negligible mass loss of 3.4 wt% and 4.3 wt% in the range of 100-400 °C and gradual mass loss
of 8.9 wt. % and 12 wt.% at 400-600 °C for pristine and DES functionalised carbon samples.
However, the AC-CO: displayed higher thermal stability compared to AC-DES-0.4 and that
could be due to the evolution of vapour after the impregnation process. A similar finding was
reported by Jawad et al., (2019), where they reported that compared to raw Malayasian
Selantik-low rank coal the activated Selantik coal (SC) displayed higher thermal stability after
the KOH activation than the starting precursor.
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Figure 7.5: Thermogravimetric analysis of AC samples.
7.5.11 Temperature-programmed desorption (TPD)

Temperature programmed desorption (TPD) technique using CO- as the probe gas is constantly
performed to investigate the surface basicity of carbonaceous materials. The temperature
within which the programmed desorption by temperature of the AC samples performed were
within the range of 30-800 °C. The temperature range was selected to avoid collapse of the
structure of the carbonaceous samples. Figure 7.6 demonstrates the CO2-TPD evolution
profiles the studied AC samples (pristine and DES functionalized samples). Following the
guidelines reported by Wang et al., (2022) and Jiang et al., (2008) the distribution of basic sites
in different strength of the AC samples were estimated and summarized in Table 7.9. Both the

AC samples have demonstrated medium to strong basic sites as can be observed from the

Figure 7.6.

Table 7.9: Distribution of basic sites and temperature range.

Strength Temperature range (°C)
Weak basicity 50-132
Medium-strong basicity 177-500

183



Medium-strong basicity

~
=
<
S’
-~
N—
@»n
=
@
Rt
=
[y

1
T T T T T T T T T T T

50 100 150 200 250 300 350 400 450 500 550 600 650 700

Temperature (°C)

Figure 7.6: CO2-TPD profile of pristine and DES treated AC samples.

Furthermore, in the CO> spectra, multiple peaks were detected for both the carbonaceous
samples. A peak at low range of temperature (200-400 °C) correspond to the decomposition of
carboxylic groups and the intensity is less in both the samples. Peaks between the temperature
ranges 450-650 °C correspond to the carboxylic anhydride and decomposition of lactones as
previously reported by Wang et al., (2022). The amount of surface basicity in the corresponding
carbonaceous samples were calculated based on the area of the CO.-TPD profiles. In this
regard, the amount the total amount of CO> evolved during the desorption for DES treated AC
(AC-DES-0.4) was 39 mmol/g and for pristine AC (AC-CO2) was 29.9 mmol/g. As expected,
the surface basicity of DES treated AC sample improved considerably than pristine AC owing
to the functionalization with the mixture of choline chloride and urea. The higher surface
basicity is prioritized for the removal of CO> from flue gas stream owing to the enhanced Lewis

acid to base interactions and is explained further through the adsorption performances.
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7.5.12 Textural properties of the activated carbon samples

Nitrogen adsorption-desorption isotherm carried out at 77 K reveals the textural properties such
as Sger, pore volume, and average pore diameter of the ACs (pristine and DES impregnated)
derived from SCG. The shape of the N2 adsorption-desorption isotherm could reveal the
preliminary qualitative information of N2 adsorption on the porous structure and surface area
of the AC samples. Figure 7.7 shows full N2 adsorption-desorption isotherm of the AC samples.
The textural characteristics of the AC samples (Sger, micropore area, total pore-volume,
micropore-volume) and summarised in Table 7.10.

In accordance with the IUPAC classification, the N2 adsorption-desorption isotherm of the
pristine AC sample (AC-CO.) followed type IV isotherm with an H4 hysteresis loop, with
closed fitting and it demonstrates the dominance of slit-shaped micropores over mesopores,
formed by layered structure of slit-shaped micropores over mesopores, formed by layered
structure (Shahkarami et al., 2016). In this regard, the hysteresis loop of the pristine AC sample
is categorised as type H4 hysteresis loop that are associated with the presence of slit-pores in
the micro-pore region and is reported for numerous AC samples (Dilokekunakul et al., 2020;
Jawad et al., 2019). The findings reveal that the pristine AC investigated, exhibit microporous
structure, pore size distribution mostly in the micropore range and improved pore-volume as
also evident from the Table 7.10. Additionally, for the DES impregnated AC sample, the
adsorption-desorption isotherm at a low relative pressure between 0.4 and 0.9 corresponded to
type 1V isotherm with a prominent but displayed considerably wide H4 hysteresis loop than
pristine AC indicating the formation of mesopores along with micropores. Referring to the
Figure 7.7, isotherm of AC-CO., exhibit very narrow hysteresis loops, which is a trait of the
presence of micropores mostly and AC-DES-0.4 has a pronounced hysteresis loop, indicating
a higher number of mesopores.

It can be observed from Figure 7.7 that N, adsorption increased significantly for both the AC
samples, which indicated an increase in both the surface area and pore-volume as evident from
the Table 7.10. As evident from the sharp N2 adsorption-desorption isotherm, AC-CO: has
shown the highest surface area and pore volume with a Sget of 1224 m?/g and pore volume of
0.63 cm®/g. The change in porous structure and formation of pores in the micro-pore range,
mostly takes place during the activation process as it induces surface release of heteroatoms
and volatiles to form more pores in the structure. However, the surface area of DES

impregnated AC reduced significantly to 1033 m?/g and pore-volume reduced to 0.52 cm®/g.
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The finding agrees with the result reported by Hussin et al., (2021). The decline in BET surface
area and pore-volume of the DES treated AC sample could be attributed to the DES
impregnation process followed by DES particles absorbed in the most internal part of the pores,
thereby, blocking the fine pores of the impregnated AC sample as also observed in the SEM
image (Figure 7.10). Although, many active sites were created on the functionalised AC
surface which could accelerate the CO> capture performance under the post-combustion
conditions. At this moment, adsorption of CO is influenced by both the textural properties of
the AC sample as well as on the reaction occurred between adsorbate (CO2) and the adsorbent
surface (AC-DES-0.4).

The pore-size distribution is one of the main characteristics of the AC when explored for gas
separation process. The pores of activated carbon are divided into three major categories:
micropores (diameters >2 nm), mesopores (diameters 2-50 nm) and macropores (diameters <50
nm) (Shahkharami et al., 2015). The average pore-size of pristine AC and DES treated AC
were 1.70 and 2.14, respectively. Owing to the significant enlargement of the pore-space, the
average pore-diameter in DES treated AC sample was higher and was in the mesoporous range
compared to pristine AC sample. Furthermore, using nonlinear density functional theory
(NLDFT) assuming slit pores, the pore-size distribution of the AC samples were obtained and
is displayed in Figure 7.8 (a) and (b). The microporous nature of the pristine AC sample is
further confirmed from the characters of pore-size distribution as shown in the Figures 7.8 (a).
It can be observed that the main peak is centered at around the region of fine micropores
(0.7 nm) with pore volume of 0.34 cm®/g while the rest of the pores were within the range of
micropores 0.8-2.0 nm. Therefore, to obtain an adsorbent with desired textural characteristics
in terms of Sget and pore-diameter, for gas separation process needs crucial monitoring while

impregnating it with functionalizing agent.

Table 7.10: Textural properties of the activated carbon samples.

Sample Specific Micro-pore Total pore volume | Average pore
surface area surface area (VT, cmd¥/g) width
(SseT, m?/g) (m?/g) (nm)
AC-CO2 1224 1055 0.63 1.70
AC-DES-0.4 1033 880 0.52 2.14

SgeT; Specific surface area calculated by the BET method; Vr; Total pore volume at P/Po of
~0.99; micro-pore surface area: t-plot method.
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Figure 7.7: N2 adsorption isotherms of AC samples: AC-CO. and AC-DES-0.4
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Figure 7.8 (a): Pore size distribution of the AC-CO, sample and (b) Pore size distribution of
AC-DES-0.4 obtained using N2 at 77K

7.5.13 XPS analysis

N1s spectra of the AC samples were deconvoluted into three main peaks of different binding
energies as shown Figures 7.9 (a) and (b) and are summarised in Table 7.10. The peak at 398.1-
398.4 eV is assigned to pyridinic-type nitrogen (N-6), peak at 400.1-400.4 eV is assigned to
Pyrrolic/pyridonic type nitrogen (N-5) and quaternary (N-Q) at 400.7-401.5 eV nitrogen,
respectively (Wang et al., 2020). It can be seen from Table 7.11, that N-5 and N-6 are higher
for the DES functionalised AC sample. Upon activation, the contribution of N-Q reduced for
both the samples as evident from the Table 7.11 (Tiwari et al., 2017). Both pyridinic (N-5) and
Pyrrolic (N-6) contributes to the basicity of the carbonaceous surface, but N-5 has more
pronounced impact towards CO> capture owing to the lower binding energy and the ability to
ameliorate the polarity of the carbon owing to its electron donation ability (Lim et al., 2016).
The carbon’s basicity is enhanced from the improved N-5 content and is prioritized as it
provides more active surface sites for its Lewis basic nature to interact with CO2 which Lewis
acidic in nature (Tiwari et al., 2017). The Table 7.11 shows O1s spectra of samples
(deconvoluted into three peaks). In this regard, the O1s spectra after deconvolution generated
three peaks at 531.5 eV (01), 532.5 eV (02) and 533.6 eV for (O3) (Singh et al., 2019a). It is
observed that O-1 which is assigned to carbonyl, ketone or lactone groups and O-2 which
represents the ether or alcohol groups (C-OH) are maximum in AC-DES-0.4 compared to the
pristine AC sample (Table 7.9). For enhanced CO> removal, presence of basic oxygenated
species (O-1) and (O-3) are necessary and hence O-1 and O-3 could favour the CO removal

owing to the improved surface basicity of the DES treated AC sample. Therefore, it can be
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observed that with improved basic nitrogenated species and oxygenated species AC-DES-0.4

is more basic in nature than AC-CO.

Table 7.11: N1s and O1s Deconvoluted spectra of pristine and DES treated AC samples.

XPS (at. % of total O)
Elements Binding energy (eV) AC-CO, (at. %) AC-DES-0.4 (at. %)
O-1 531.2-531.5 44.9 63.3
0-2 532.3-532.5 49.8 52.4
0O-3 533.3-533.6 -N/D- 6.3
XPS (at. % of total N)
Elements Binding energy (eV) AC-CO, (at. %) AC-DES-0.4 (at. %)
N-6 398-398.8 16.8 26.5
N-5 400.2-400.7 65.3 73.7
N-Q 401-401.5 15.5 9.4

Pyridonic/pyrrolic-N

Pyridonic/pyrrolic-N

-
[Quaternary-N]
.

N T T T T T T
394 396 398 400 402 404 406 408 394 396 398 400 402 404
Binding Energy (e\’)l

Binding Energy (eV)l

Figure 7.9: Deconvoluted N1s spectra of (a) pristine AC (AC-CO3) and (b) DES treated AC
sample (AC-DES-0.4)
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7.5.14 Surface Morphology

SEM analysis is mainly performed to investigate the sample’s surface morphology and it also
provides high-resolution image for estimating the surface fractures, flaws, pores shape and size.
Figures 7.10 (a) & (b) shows SEM micrographs of pristine and DES treated AC samples, to
examine and compare the change in surface morphology after the impregnation process. The
SEM micrographs corresponding to pristine AC (Figure 7.10 (a)) and DES treated AC (Figure
7.10 (b)), showed a considerable difference with respect to their surface morphology and
external surface texture pores. The surface morphology altered significantly and exhibited
remarkable change on the surface after undergoing CO- activation. The SEM image for pristine
AC in Figure 7.10 (a), clearly displays the irregular-shaped surface along with presence of
many small fragments, cracks, and crevices. In Figure 7.10 (a), rough surface and high porous
structure indicate the evolution of pores owing to the release of volatile-organic components
and reaction between CO- and the carbon-matrix also assists in the ore-formation. Accordingly,
presence of abundant pores of different size implies the enhancement in surface area and
accounting for better porous characteristics in pristine AC, which eventually may have a
significant impact on the CO- capture performance. On the contrary, after impregnating the
carbon sample with DES, the external surface seems to be eroded and pores have been clogged

owing to the agglomeration of DES on its external surface (Figure 7.10 (b)).

(b)

blocked-pores f
| (surface pores blocked-DES

Before chemical treatment-pristine AC
(AC-CO,)

(a) 257 : A\ \.- 5
Pores o3 e A
(pore fmgﬁtjén“' ter GOy’activation)
N s e, sy
vy /Y

~ “Clogged pores

Network of pores |

R R L RO B )
SUB000 18.0kV 15.0mm x300 LM(L) 100um

After chemical treatment-DES-AC
(AC-DES-0.4)

SU8000 18.0kV 15.0mm x250 SE(U)

Figure 7.10: SEM analysis of (a) AC-CO- (before DES impregnation) and (b) AC-DES-0.4
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Consequently, there is a fall in the pore-volume as evident from the findings of BET surface
area analysis (7.5.12). The difference in SEM images of pristine and DES impregnated AC
samples with respect to their surface morphology and arrangement of pores suggests the
effectiveness of activation process and confirms the change in surface morphology after the

DES impregnation.
7.6 Breakthrough CO:2 adsorption performance

In general, breakthrough curve that appears as an S shaped curve is evaluated to determine the
efficacy of a carbonaceous adsorbent in terms of the CO> removal capacity in a fixed bed
reactor system under dynamic adsorption conditions. The breakthrough curve displays the
breakthrough adsorption performance which depicts the co-relationship between the ratio of
outlet to inlet CO; concentrations and the contact time. The breakthrough time (tp) and
exhaustion time (te) is defined as the contact time when the ratio of outlet to inlet CO>
concentration reaches to 0.1 and 0.9, respectively.

7.6.1 Effects of column temperature on CO: capture performance

To study the influence of adsorption temperature on breakthrough adsorption performance, the
column temperature was varied inside a fixed bed reactor under the dynamic adsorption
condition. The adsorption temperature was varied from 25 to 70 °C for both pristine and DES
functionalised samples. All the breakthrough experiments were conducted under a fixed inlet
CO2 concentration (15 vol% in N2) and standard atmospheric pressure. The breakthrough CO>
adsorption performance of the AC samples are summarised in Table 7.12. Furthermore, the
breakthrough curves of pristine and DES functionalised AC samples as a function of varying
column temperatures are displayed in Figure 7.11 (a) and (b), respectively. From Figure 7.11
() and (b) it can be observed that all samples have displayed the ability to capture CO> under
all column temperatures. The initial outlet of CO> was not detected in the effluent stream
mainly owing to the complete adsorption by the adsorbents. However, CO, was detected
gradually with the progress of contact time and reached saturation where the adsorbent surface
is saturated with adsorbate and the mass transfer zone (MTZ) reached the bed outlet (Singh et
al., 2019a). As can be observed from Figure 7.11 (a) and (b), the breakthrough curve is broad
at 25 °C for both the samples and show substantial CO> uptake but slope varied and becomes
steeper with increasing column temperature to 70 °C due to faster adsorption rate along with
reduced saturation time and adsorption capacity. Although the trend is similar for both the

samples but adsoprtion capacity of pristine AC reduces drastically to 2.9 mmol/g in compared
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to DES treated AC (3.7 mmol/g). The plausible explanation could be that at higher adsoprtion
temperature (70 °C), the adsorption capacity drops drastically for pristine AC from 4.34 t0 2.9
mmol/g because the influence of physisorption towards CO> adsorption reduces substantially.
On the other hand, for the DES treated carbon the presence of basic nitrogenated functionalities
is helpful in retaining the CO, adsorption capacity through chemisorption even under higher
column temperature. Increase in column temperature also causes shift of breakthrough point
towards lower saturation time indicating exothermic nature of the capture process. Even
though, pristine AC displayed considerably higher Sget, but AC-DES-0.4 showed a substantial
difference in CO: capture performance. In this regard, AC-DES-0.4 displayed superior
breakthrough performance in terms of breakthrough adsorption time improved from 18.4 min
to 23 min and equilibrium adsorption capacity from 4.34 to 5.5 mmol/g at 25 °C in a binary
mixture of 15 vol % of CO2 in N2. Multiple factors influenced the enhanced CO. capture
performance of DES impregnated sample that includes developed textural characteristics,
presence of elemental C and N, higher surface basicity due to the presence of N-5, N-6
functional species and basic-O functional groups (carbonyl/hydroxyl) that have promoted the
interaction among CO>2 molecules (Lewis acid) through acid-base interactions or Vander Waals
force of attractions. Similar observations were also reported by Hussin et al., (2021). The data
of CO> adsorption performance of different biomass derived carbon materials were compared
with the adsorbents prepared in this study as summarized in Table 7.13. Referring to Table
7.13, the adsorption capacities of both pristine and DES treated samples are comparable with
the findings stated in the literature. From Table 7.13, it is evident that DES treated AC sample
is a potential carbonaceous adsorbent synthesized from two-step physical activation and DES-
impregnation technique that displayed a compatible CO2 removal performance owing to the
contribution of the well-developed textural characteristics and surface composition under a

typical post-combustion scenario.
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Table 7.12: Breakthrough CO> adsorption performance at varying column temperatures.

Sample Temperature Breakthrough Exhaustion time | Adsorption

(°C) time (min) capacity
(min) (mmol/g)

Temperature: varying column temperatures; COz conc: fixed at 15 vol % in N2
25 18.4 23 4.34+0.37
35 13.8 20.9 4.2+0.42
AC-CO 45 10.9 16.7 3.8+0.51
55 8.3 11.8 3.1+0.63
70 5.5 10.4 2.9+0.11

Temperature: varying column temperatures; CO2 conc: fixed at 15 vol % in N2
25 23 30.3 5.5+0.13
35 17.2 22.4 5.3+0.73
AC-DES-0.4 45 12.8 19.3 4.9+0.55
55 9.7 16.4 4.2+0.25
70 6.1 12.5 3.7+0.66
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Figure 7.11: Effect of adsorption temperature on CO> capture performance (a) AC-CO; and (b) AC-DES-0.4.
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Table 7.13: CO, removal performance of various carbon-based adsorbents reported in the existing literatures (under dynamic conditions).

Activating/functionalizing

Adsorption capacity

Carbon sorbents agents at 25°C and 1 bar Reference
(mmol/g)
SCG-600 (biochar) N2 2.8 (30 °C)
TAC CO2 2.87 This study
AC-CO2 COz 4.34
AC-DES-0.4 Choline chloride and urea 55
(DES-1:0.4)
Palm kernel based activated carbon CO2 2.3 (Rashidi and Yusup, 2019)
Coffee grounds Ammoxidation (melamine) 2.67
+ KOH (Liu and Huang, 2018)

Date fruits (seeds) COz 3.3 (Ogungbenro et al., 2017)
Coconut shell CO2 1.8 (Rashidi et al., 2014)
Paper mill sludge derived biochar (PMS) N2 0.67 Igalavithana et al., (2020)
Pine sawdust (PSS) derived activated Steam 0.73
carbon
Bamboo CO2 2.52 (Dilokekunakul et al., 2020)

Urea 2.63
Activated carbon Nitrogen doped 54 (Sethia and Sayari, 2015)
Birch activated carbon Steam 4.06 (Kishibayev et al., 2021)
CACs-2-800 (AC derived from coffee KOH 3.8 (Wang et al., 2020)
grounds at 800 °C)
Petroleum coke and palm shell K2COs 2.4 (Rashidi and Yusup, 2021)

Activated carbon from whitewood

Steam and MgO

49 mg/g (1.1 mmol/q)

(Shahkarami et al., 2016)

Palm shell activated carbon

Choline hydroxide and urea

37.2 mg/g (0.9 mmol/g)

(Hussin et al., 2021)

Coconut shell-based AC

Char + urea, and KOH

4.8

(J. Chen et al., 2016)
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WDC-01 (packaging waste derived AC) 2.4

WDC-02 (packaging waste derived AC) 3.1 (Idrees etal., 2018)
WDC-03 (packaging waste derived AC) KOH (varying ratios) 4.2

WDC-04 (packaging waste derived AC) 3.9

Pine nut-shell derived AC KOH 5.0 (Deng et al., 2014)
Urea formaldehyde resin N-doped 3.2 (Liu etal., 2014)
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7.6.2 Effects of inlet CO2 concentration on COz capture performance

The Figure 7.12 (a) and (b) displays the effect of initial CO, concentrations in the range of 10-
20 vol% on the breakthrough adsorption performance carried under a fixed column temperature
of 25 °C and at standard atmospheric pressure conditions. It can be observed from Table 7.14,
that with increasing the CO. volume fraction from 10 to 20 vol%, the breakthrough point
appears earlier owing to the faster bed saturation. Although, the adsorption capacity improves
with the increasing CO. concentration. For instance, when the initial CO2 concentration
increased from 10 to 20 vol%, the adsorption capacity of AC-CO- increased from 4.17 mmol/g
t0 4.92 mmol/g and for AC-DES-0.4 it increased from 5.2 mmol/g to 6.03 mmol/g, respectively
(Table 7.14). The plausible explanation of this enhancement in adsorption capacity and reduced
breakthrough time with the increasing inlet CO> concentration to 20 vol% can be attributed to
the fall in the diffusion coefficient in the system. Reduced CO. concentration significantly
influences the CO2 removal efficacy owing to the increased concentration gradient resulting in
slower saturation of the system and increased exhaustion time. Also, at higher CO>
concentration (20 vol %), large number of active sites on the surface of the adsorbent are
participating, thus, limiting the adsorbent bed capacity, whereas lesser active sites are involved
at lower CO> concentration. A similar finding was reported by Tan et al., (2014) who stated
that with increasing the CO2 concentration the breakthrough time is reduced producing the
highest adsorption capacity.

Table 7.14: Breakthrough CO> adsorption performance at varying inlet concentrations of CO-.

Sample Inlet conc. Breakthrough Adsorption Exhaustion time
(CO2, % time (min) capacity (mmol/g) (min)
vIV)

Column temperature fixed at 25 °C (under dynamic conditions, CO2/N2)

AC-CO2 10 234 4.17+0.22 28.1
15 18.4 4.34+0.37 23

20 14.8 4.92+0.41 18.7

Column temperature fixed at 25 °C (under dynamic conditions, CO2/Nz)
AC-DES- 10 27.6 5.240.17 34.8
0.4 15 23 5.5+0.13 30.3
20 15.5 6.03+0.25 21.9

*Standard deviation for AC-CO; were within £0.5 and for AC-DES-0.4 were within +0.30.
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Figure 7.11: Effect of CO concentration of adsorption performance (a) AC-CO> and (b) AC-DES-0.4.
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7.6.3 Selectivity

The adsorption selectivity of binary component gas mixtures (CO2/Nz>) of the pristine and DES
AC samples were evaluated at 25 °C and 1 bar. The mixtures studied in this regard is 15 vol%
of CO2 balanced in N (Sethia and Sayari, 2015). The adsorption selectivity calculated of the
gas pair CO2/N2 (mixture of 15 vol% of CO2 with 85 vol% of N2) were (Scoz/n2) 48.7 and
(Sco2/n2) 60.2 for pristine and DES treated samples, respectively. Irrespective of the AC sample
type, the N2 adsorption capacity was comparatively much smaller than CO2. The findings
revealed that DES treated AC sample showed very high selectivity and a substantial difference
in the adsorbed amount of CO than N> adsorption mainly owing to the presence of basic N
functional moieties (pyridine or Pyrrolic) and oxygenated functional species (carbonyl or
hydroxyl) as confirmed from the XPS analysis. The surface functionalities could improve the
CO. over N selectivity owing to the acid-base or stronger electrostatic interaction
(Igalavithana et al., 2020). Consequently, by using DES treated sample, CO2 molecule can be
selectively separated under the dynamic flow condition (CO2/N2) under a typical post

combustion condition.
7.6.4 Multiple adsorption-desorption study

Examining the regeneration ability of a saturated adsorbent is a significant aspect to stimulate
the adsorption capacity and in determining economic feasibility. To exhibit superior
regeneration ability, the adsorbent should display stability to CO> adsorption in multiple
adsorption-desorption cycles. In this regard, to study the regeneration stability of the AC
samples (pristine and DES treated AC samples), 15 consecutive adsorption-desorption
experiments were performed using a binary mixture of CO2/Nz and the findings is displayed in
Figure 7.13. Referring to Figure 7.13, the CO. adsorption capacity of pristine and DES
functionalised AC samples over 15 cycles. Figure demonstrates that the adsorption capacity
for pristine AC at the first cycle was at and it reduced to at the second cycle. The adsorption
capacity displayed a declining trend till the tenth cycle and remained stagnant at 3.8 mmol/g
till the 15" cycle. Meanwhile, on the other hand, the DES impregnated AC displayed a good
regeneration ability with insignificant decline in the adsorption capacities till the 15" cycle. In
this regard, DES-AC showed a superior performance by retaining approximately 92% of the
original adsorption capacity compared to pristine AC that displayed 89% retention in
adsorption capacity after 15 cycles of consecutive adsorption-desorption. However, DES
treated AC retained its adsorption capacity till six consecutive cycles but displayed fall in the
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adsorption capacity and can be mainly owing to the presence of enriched nitrogen functional

species, entire adsorbed CO> could not be desorbed from the surface. The maximum adsorption

capacities of DES treated sample for the 1%, 2" and 15th cycles were 5.5, 5.46, 5.06 mmol/g,

respectively. However, both the samples displayed a declining trend in the adsorption

capacities with the progress of multiple regeneration cycles which can be mainly attributed to

the incomplete desorption, damage to pore structure in the carbon matrix to some extent or

decomposition of the active sites.
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Figure 7.13: Multiple adsorption and desorption cycle of the AC samples.

7.7 Conclusions

In summary, pristine and DES treated AC samples prepared by CO: activation and DES

impregnation is investigated in this study. Firstly, a series of SCG derived AC samples were

prepared by undergoing two-stage physical activation using CO: as the activating agent. The

activated carbon (AC) production conditions were optimized through the Box Behnken Design

In this research, both the

(BBD) technique in terms of specific surface area and AC yield.

responses were evaluated based on the activation temperature (600-800 °C), holding time (60-
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120 min) and CO; flow rate (150-250 mL/min). From the ANOVA analysis, it was evident
based on the F-value and p-value that activation temperature significantly influenced both the
responses. Based on the desirability function, the optimum activated carbon production
condition was obtained at 800 °C, 90 min and 150 mL/min with desirability of 0.95. Maximum
Sget of 1224 m?/g and yield of 57.4 % were obtained at the optimum conditions. Furthermore,
the development of environmentally friendly and non-toxic activated carbon agent is
imperative in terms of sustainability. Therefore, non-toxic, and biocompatible natural deep
eutectic solvent was prepared by mixing choline chloride and urea at different molar ratios to
functionalize the surface of pristine AC sample and incorporate basic functional groups on its
surface. It was observed that, DES treated AC sample had comparatively the lower Sget (1033
m?/g), which is attributed to its recalcitrant chemical structure difficult to decompose even at
lower-thermal treatment conditions as well as chemicals clogged the porous structure. The
presence of nitrogenated functional species was confirmed using the ultimate and XPS analyses
as the diagnostic analytical techniques. The presence of nitrogenated species mainly N-5 is
favourable for high adsorption capacity of acidic CO2 molecules under dynamic adsorption
conditions. The superior performance of DES functionalised AC was attributed to the presence
of basic oxygenated (carboxylates, lactones, and phenols) and nitrogenated functional groups
(N-5/N-Q or N-6) on its surface as well as the porous structure and morphology available that
accelerated the removal of acidic CO2 molecules under dynamic adsorption conditions. The
noticeably longer breakthrough time and higher CO> adsorption capacity (5.5 mmol/g) of DES
treated AC sample can be attributed to the combination of developed textural properties, porous
structure, morphology, and surface chemistry. Furthermore, the stability of DES treated
samples displayed in multiple regeneration study represent it as a promising and potential
carbonaceous adsorbent with an effective retention of approximately 92% after 15 cycles of
consecutive adsorption and desorption performance. Compare to the conventional
carbonaceous adsorbents’ CO2 removal performance reported in the literature and its
functionalization broadly stated in the literature, DES impregnated AC sample prepared by
using a mild and low-cost method retained high specific surface area (Sger) irrespective of
maintaining its basic characteristics in the form of nitrogenated functional species and
formation of active adsorption sites. Furthermore, DES treated AC sample has also
demonstrated a superior adsorption capacity and stability rendering as an effective
carbonaceous adsorbent for CO> adsorption from the flue gas stream.
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Chapter 8 Techno-Economic analysis of activated carbon production from spent coffee
grounds: Comparative evaluation of different production routes

Most of this chapter's content has been published as a research article in the Energy Conversion
and Management: X journal. Elsevier holds the copyright, and the permission to use the article
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Before commercializing the activated carbon production technology from dried spent coffee
grounds, a preliminary investigation is necessary. This chapter aims to evaluate and understand
the overall economic feasibility and viability of the activated carbon production technology,
examining different production routes and determining the sensitivity of activated carbon price

to several parameters.
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8.1 Abstract

Activated carbon (AC) has gained immense popularity due to its excellent physicochemical
properties and ability to remove carbon dioxide (CO2) from the flue gas stream. This study
examines the potential of spent coffee grounds (SCG) as a precursor to produce activated
carbon (AC) via prominent thermochemical conversion technologies. Different production
routes, such as slow pyrolysis, activation, and deep eutectic solvent (DES) functionalization,
were compared in terms of their economic viability. In this study, three scenarios (Scenario 1—
3) involving combinations of the technologies and production routes were evaluated and
compared. Scenario 1 comprises slow pyrolysis, CO> activation and flue gas recycling for
physical activation. Scenario 2 includes flue gas combustion, while the third scenario
comprises flue gas combustion and DES impregnation. All processes were simulated with
Aspen plus, while a detailed cash flow analysis was used to estimate the profitability
parameters. The price of AC was found to be the most crucial determinant of an AC production
plant's viability and feasibility. The minimum selling price (MSP) of AC samples produced
from scenarios 1, 2 and 3 are U.S $ 0.15/kg, $ 0.21/kg, and $ 0.28/Kkg, respectively. The price
of pristine AC and DES-treated AC were lower than the commercially available activated
carbon (U.S $0.45/kg).
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8.2 Introduction

Coffee is a promising agricultural product as well as a widely consumed beverage worldwide.
It is often regarded as the second largest traded commodity after petroleum, with nearly 2
billion cups of coffee consumed each day globally (Du et al., 2020). Moreover, the processing
of coffee beans involves a series of steps, including milling, roasting, grinding, and brewing.
Coffee processing is accompanied by the production of a significant amount of by-product
known as spent coffee grounds (SCG) (Karmee, 2018). For every kg of soluble coffee bean
processed, about 2 kg of SCG is generated (Karmee, 2018). SCG is often dumped in landfills
or incinerated, thereby creating environmental pollution. About 9 million tons of SCG are
dumped in landfills annually (Murthy and Madhava Naidu, 2012).

SCG is a non—edible by-product from the coffee industry rich in carbohydrates, oil, carbon,
nitrogen, proteins, and bioactive compounds. With the elevating coffee demand and
consumption, it is imperative to balance the production with the proper valorization of the by-
products, including SCG. The conversion of SCG to biofuels and green chemicals has gained
momentum to foster sustainable waste management. As a result, several researchers have
studied the production of biofuels and bioactive compounds from SCG (Jenkins et al. 2014;
Al-Hamamre et al. 2012).

SCG could also be used to produce biochar and activated carbon (AC) for subsequent CO>
capture under a post-combustion scenario. Biochar production from SCG has the potential to
alleviate the challenges of climate change, greenhouse gas emissions and environmental
pollution (Mukherjee et al., 2021a). Biochar can also be produced from other lignocellulosic
biomasses such as sugarcane bagasse (Creamer et al., 2014), almond shells (Tiwari et al.,
2017), and food waste (Patra et al., 2021). A recent study demonstrated that the biochar
produced from SCG showed superior CO2 adsorption capacity compared to biochar from other
lignocellulosic materials (Mukherjee et al., 2021a). In another study, it has been demonstrated
that the physical and chemical activation of biochar to AC could improve the surface properties
and CO> adsorption capacity (Tiwari et al., 2017; Shahkarami et al., 2015a; Shahkarami et al.,
2015b).

Moreover, the use of environmentally friendly deep eutectic solvents (DES) comprising a
mixture of choline hydroxide and urea to functionalize the activated carbon has improved its
CO; adsorption capacity (Hussin et al., 2021). In another study, the functionalization of AC
with ionic liquids also increases the CO adsorption capacity (Garip and Gizli, 2020). However,

the preparation of DES is relatively simple compared to that of ionic liquids. In addition, DES
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exhibits unique properties such as non-toxicity, high ionic conductivity, low cost, thermal
stability, and biodegradability, which could favour CO; capture (Hussin et al., 2021).
Recently, Liu et al., (2021) performed the techno-economic analysis (TEA) of AC production
from the spent mushroom substrate. However, a cash flow analysis and the MSP of AC were
not determined. Another study estimated the TEA of an integrated process for producing
biodiesel, glycerol, and AC from SCG (Tian et al., 2021). However, the method applies to
China. In addition, a detailed cash flow analysis was not performed.

Furthermore, a comprehensive evaluation of the effects of process parameters on the MSP of
AC is missing from the study. Although extensive research has been carried out on the techno-
economic analysis (TEA) of different lignocellulosic biomass conversion processes, there is no
available study on detailed TEA and sensitivity analysis of AC production from SCG. In
Chapters 5 and 6, SCG was reported as a promising lignocellulosic biomass that could be
utilized for valorization through thermochemical conversion techniques. Also, the preparation
of pristine AC and DES-functionalization of pristine-AC from SCG for CO; capture is a
promising strategy to minimize greenhouse emissions as reported in Chapter 7. However, the
economic feasibility of the entire activation and DES-functionalization technique is scarcely
reported. Therefore, this study proposes different AC production scenarios valorizing SCG as
a potential lignocellulosic biomass. More importantly, a comparative evaluation of the process
economics of AC production with and without functionalization is also missing in the literature.
The present study presents a novel approach to assessing the economic viability of different
production techniques by determining the minimum selling price (MSP) of AC coupled with
sensitivity analysis. The study also compares the minimum selling price (MSP) of pristine and
DES functionalized AC with the ones reported in the literature and provides a basis for the
efficient valorization of SCG for AC production.

8.3 Research methodology

8.3.1 Design Basis

This study developed the model by simulating spent coffee grounds (SCG). However, the
proposed model to produce AC can also be used for other lignocellulosic biomass samples.
The reason for selecting SCG as the base case to develop the model is its abundant availability
in Canada and unique physicochemical properties (Mukherjee et al., 2021b). Also, SCG was
used as a potential lignocellulosic precursor to generate biochar and AC with unique
physicochemical characteristics, as mentioned in previous chapters 6 (Mukherjee et al., 2021a)
and 7. Therefore, the simulations were performed by using the data extracted from the

previously mentioned chapters and under the optimised process conditions. Furthermore,
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compared to first-generation precursors, lignocellulose biomass does not impose a threat to
food security versus fuel.

The overall process for all the three scenarios were simulated and implemented with Aspen
Plus® v12.1 (AspenTech, Bedford, USA), licensed by the University of Saskatchewan. The
plant was designed to process approximately 50,000 tons of SCG annually. This study's
thermodynamics and energy calculations were executed using Aspen Plus®, which contains an
in-built array of different physical properties databases. Figure 8.1 depicts the overall design
procedure implemented to determine the economic feasibility and viability of the AC

production using dried SCG.
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Figure 8.1: Schematics of the design procedure for the techno-economic analysis of activated
carbon (AC) production using SCG.

8.3.2 Process design and simulation

Three different scenarios to produce AC routes were assessed in this study, as shown in Figure
8.2. Scenario 1 is a straightforward route and provides a foundation for further assessments. It
consists of SCG drying, slow pyrolysis and CO: activation to generate AC. Furthermore, in
scenario 1, the flue gas mainly consisting of CO2 generated from the slow pyrolysis unit was
sent back to the activation unit for the physical activation process. In scenario 2, the product
gas from both the pyrolysis and activation processes were sent back to the combustion chamber

unit. Combustion of the product gas in presence of air produces heat that was used for biomass
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drying, thereby minimizing the energy requirement of the overall process. Scenario 3
comprises slow pyrolysis, CO; activation, a combustion unit, and a DES functionalization unit
to tailor the surface chemistry of the pristine AC. Overall, the strategy compares different AC
production routes from SCG regarding their economic viability.

The overall process for the three scenarios was simulated and implemented with Aspen Plus®
v12.1 (AspenTech, Bedford, USA), licensed by the University of Saskatchewan. The process
was designed to process approximately 50,000 tons/y of SCG. The plant capacity to process
50,000 tons/year of SCG was selected from the values reported in the existing literatures (Liu
et al., 2021; Tian et al., 2021). However, the developed model could also be applied to other
lignocellulose-based biomass materials. Aspen plus was used for the simulation because of the
array of inbuilt physical properties databases useful for thermodynamics calculations and the
mass and energy balance of the overall process. Aspen plus does not contain an inbuilt model
for biomass pyrolysis; therefore, the entire process was simulated into different unit operations,
as depicted in Figure 8.2. Moreover, SCG was defined as a non-conventional (NC) component
whose components were determined based on the proximate analysis (dried-basis), ultimate
analysis and requires characteristics of its properties such as enthalpy (HCOALGEN) and
density (DCOALIGT). In our previous study, the moisture (3.3 wt. %), volatile matter (81.2
wt. %), fixed carbon (14.6 wt. %), and ash content (0.9 wt. %) of SCG were reported in chapter
6 (Table 6.3) (Mukherjee et al., 2021a). Additionally, the C, H, N, S and O are 50.0 wt. %. 6.7
wt. %, 2.5 wt. %, 0.9 wt. %, and 39.0 wt. %, respectively (Table 6.4). The RYield block was
employed to decompose dried-SCG into its components (C, Hz, N2, Oz, H20, ash, and S), while
a calculator block was used to perform the decomposition through a FORTRAN subroutine
statement. Details of the sub-routine statement and the calculator block methodology have been
reported elsewhere (Okolie et al., 2020b).

As described in Figure 8.2 (scenario 1), wet SCG is sent to the air dryer operating at 100 °C
and 0.1 MPa. The dryer reduces the moisture content of SCG that would facilitate the thermal
treatment. A biomass dryer in Aspen plus was represented with a stoichiometric block. In
contrast, a calculator block was used to determine the moisture content of SCG at the exit of
the reactor. The dried SCG enters the RYield reactor at 600 °C and 0.1 MPa for decomposition
into conventional components (DECOMP). According to the ultimate and proximate analysis,
the reactors decompose SCG into biochar, CO, CO2, Hz, N2, Oz, and H.O. The product
(biochar) exiting the yield reactor enters the RGibbs block for slow-pyrolysis process. The
RGibbs block was used to simulate slow pyrolysis at 600 °C and atmospheric pressure

conditions (0.1 MPa). In this regard, the data derived from the RGibbs block reactor was
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utilised to perform the thermodynamic calculations of the process. Moreover, a cyclone
separator was used to remove the solid char (biochar) while the liquid, gases and volatiles were
cooled before entering the flash separator for the removal of gases. It should be noted that the
temperature and pressure of slow pyrolysis were selected based on the findings from chapter 6
and previously mentioned report (Mukherjee et al., 2021a).

The produced char (biochar) was physically activated with CO2 at 800 °C and at atmospheric
pressure (1-atm). The activation process was simulated with the RGibbs block, while the
amount of CO; required to ensure that 57.4 wt. % yields of AC is produced was specified with
design specs as mentioned in chapter 7. The optimum yield of 57.4 wt. % was chosen based
on the optimized experimental outcome of AC yield derived using the Box- Behnken Design
(BBD) of experiments as stated in chapter 7 (Tables 7.2 and 7.6). It should be mentioned that
the ratio of adsorbent (AC) and the DES used in this regard is mixed at 1:2. The product gases
emitted from the activation process and the pyrolysis units were sent to the combustion
chamber (COMBCHAM) for burning to produce heat as stated for scenarios 2 and 3 (Figure
8.2). A stoichiometric reactor (Rstoic) operating at 1000 °C under 1.1 MPa pressure was used
to represent the combustion unit. Rstoic reactor was modelled based on the five different
equations (Eq. 8.1-8.5) based on the composition of the EXTFLG (Liu et al., 2021; Okolie et
al., 2021c).

CH4#20; <> CO2+ 2H20.....vooore (8.1)
CoHa + 302 <5 2COz + 2H20............... (8.2)
CaHs + 3.507 <> 2C0; + 3Hz0............. (8.3)
Hz +0.502 <> H2O...oovveeeeeeeeeee (8.4)
CO+0.502 > CO2 veovereeeeeeeeeeen, (8.5)

The thermodynamic methods of the entire process simulation uses the Peng-Robinson-Boston-
Mathias (PR-BM) equation of state, which is suitable for low-pressure streams (Liu et al.,
2021). Moreover, the operating conditions for the unit operations are obtained from the
experimental studies reported in previous chapter 6 and 7, respectively. That way the model
could be validated against the findings derived from the findings of the lab studies. All the
assumptions used in the Aspen Plus® model and the economic model are summarised in Table
8.1.
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DES functionalization, and flue gas combustion.
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8.3.3 Economic analysis

The economic analysis of AC production from SCG was estimated using the bottom-up
approach. The method calculates the cost components as a part of the purchase cost of all
equipment (COE), also known as the bare module cost (Brown, 2000). The capital expenditure
(CAPEX) and operating expenditure (OPEX) were estimated based on Table 8.2.

Table 8.1: Assumptions used in the Aspen plus simulation and economic model (Okolie et al.,
2021c).

Parameters Assumptions

Assumptions in process simulation

Biomass decomposition products Biochar, CO, CO2, N2, Hz, O and H2.0
Ash Does not participate in the reactions
Biochar decomposition products Carbon and Ash

Equation of state PR-BM equation

Assumptions in the economic model

Currency used in economic model Uss$

Base year 2021

Cost of land 2% of fixed capital investment
Plant construction duration 1 year

Plant lifetime 20 years

Plant annual operation 8000 hly

SCG capacity 50,000 tons/y

Annual salary of worker U. S. $35,000/y

Depreciation method Straight line method

The CAPEX includes the direct and indirect costs, while the OPEX comprises the fixed and
variable operating costs (Okolie et al., 2021c). The labour cost was estimated as part of the
fixed operating cost from equation (8.6). In Equation 8.6, P and Nnp indicate the number of
solid handing steps and on-particulate processing steps. The average annual salary of each
worker was set at the U.S $35,000 (Okolie et al., 2021c). Based on the expression of equation
(8.6), the overall number of operators (Nov) required for scenarios 1, 2 and 3 are 6, 7 and 12,

respectively Okolie et al., (2021c).

NoL = /31.7P2 + 0.23Nyp + 6.29 ... ...... (8.6)



Discounted cash flow analysis (DCFA) was performed and used to determine the MSP of AC
as well as the economic feasibility of different AC production routes. The process is
economically viable if the MSP of AC is above the breakeven point. The economic viability of
the process was also assessed with major parameters such as the net present value (NPV),
payback period (PBP), net rate of return (NRR) and DCFA (Discounted cash flow analysis) of
the project. A detailed description of each economic indicator as well as its advantages and
limitations, has been reported by Ulrich and Vasudevan (2018).

The proposed plant is set up in Saskatchewan, Canada. However, a location factor (0.91) could
be used to show the disparities in cost between Canada and Europe Pahrump (2021). The
economic model was developed with currency in U.S $. The cost of SCG was estimated to be
U.S $ 0.1/ dry ton based on the current market price of transportation and logistics (Liu et al.,
2021). Moreover, the reference year was 2021, with the Chemical Engineering Plant Cost Index
(CEPCI) used to adjust the equipment cost to the base year. All the assumptions used in the

economic model and Aspen plus simulation are summarized in Table 8.1.
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Table 8.2: CAPEX and OPEX estimation methodology.

CAPEX Estimation

Cost estimation

Fraction of the purchase cost of all equipment

Purchase cost of all equipment (COE) (a)

COE

Cost of equipment installation (b) 0.4 of COE

Controls and instrumentation cost (c) 0.26 of COE

Piping and electrical systems (d) 0.41 of COE

Building and services (e) 0.1 of COE

Direct cost (DC) DC =(a) + (b) + (c) + (d) + (e)
Indirect cost (1C) IC =0.22 of DC

Fixed capital investment (FCI) FCI=DC+IC

Startup cost (SUC) 0.05 of FCI

Working capital (WC) 0.15 of FCI

CAPEX CAPEX =FCIl + SUC + WC

OPEX Estimation

Cost of labor COL
supervision and overhead cost (f) 1.25 of COL
Maintenance and miscellaneous expenses (g) 0.04 of FCI

Fixed operating cost (h)

(h) = COL + (f) +(q)

Spent coffee grounds cost (i)

USD $ 0.1/ dry ton

Deep eutectic solvent (Choline chloride + Urea) (j)

USD $ 144 for Choline chloride (Sigmaaldrich,
USD $ 96.30 for Urea (Slgmaadlrich, 2021)

2021)

Total raw material cost (k)

(k) = () + ()

Electricity cost (m)

USD $0.069/KWh per unit (Okolie et al., 2021¢)

Cooling water cost (I)

USD $14.8/1000 m® (Okolie et al., 2021¢)

Variable operating cost (p)

(p) = (k) + (m) + ()

OPEX

OPEX = (h) + (p)
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The COE was determined with the scaling method (Michailos et al., 2020). The approach
calculates the cost of equipment with the base cost of similar equipment whose size is known

using the Eq. 8.7.

C=C, (Si)f ...................... (8.7)

Where, S is the equipment capacity obtained from the Aspen Plus simulation, while So is the
base capacity. C and Co are the actual and base equipment cost, respectively. In contrast, f
represents the scaling factor.

Monte Carlo simulation was used to quantify the uncertainty and associated risk in the
developed economic model. The Monte Carlo simulation was performed with Oracle Crystal
Ball (OCB) software. OCB is a stochastic tool designed as a spreadsheet-based application
suitable for uncertainty and risk analysis (Oke et al., 2021). The present study applies normal

distribution with 30,000 trials to estimate the associated uncertainty in the economic model.

8.4 Results and discussions

8.4.1 Model validation, mass, and energy analysis

The experimental biochar yields from slow pyrolysis of SCG were compared with model
results at temperatures range of 400—700 °C (Figure 8.3). The biochar's experimental yields
were obtained from our previous findings reported in Chapter 6 (Table 6.2). The model
predictions were obtained from the sensitivity analysis of RGibbs block in Aspen plus. The
comparison of the model and experimental results is helpful in the validation of the model. It
also helps to assess the proximity of the model predictions to reality. As shown in Figure 8.3,
all the model results are close to the experimental values with minimum deviations (less than
10%). These findings indicate that the developed model effectively predicts biochar yields even

at high temperatures.
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Figure 8.3: Comparison of biochar yield from experimental and model results.

Figure 8.4 shows the mass and energy balance for the three proposed scenarios (scenario 1-3).
For scenario 1, overall, 295 kW of energy was required for the drying process. However, the
use of heat recycled from the flue gas combustion in scenarios 2 and 3 saves 95 kW of energy
in the drying process compared to scenario 1. In scenario 1, 4000 tons/y of CO, was required
for activation compared to 4831 tons/y as in the case of scenarios 2 and 3 (Figure 8.4) owing
to the recycled flue gas stream used for physical activation as proposed in scenario 1. For every
50,000 tons/y of SCG, 8918 tons/y were produced for scenarios 1 and 2, respectively. Also,
12,172 tons/y of AC was derived from scenario 3 after DES functionalization. Overall, the
biochar yield from slow pyrolysis for the three scenarios is 29.8 wt.%, which is close to the
experimental yield at 600 °C (25.4wt. %). Scenarios 1 and 2 comprise two sequential steps for
AC production (firstly slow pyrolysis of SCG for biochar production followed by physical

activation using CO as the activating agent).
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Figure 8.4: Overall mass and energy balance for scenarios 1-3.
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However, scenario 3 comprises three sequential steps to produce AC production (slow
pyrolysis for biochar production, physical activation followed by functionalization with DES).
The physicochemical properties of biochar derived from slow pyrolysis of SCG for all three
scenarios (1-3) have been documented in previous chapter 6 (section 6.5). Although, scenario
1 is a new concept modelled conceptually with Aspen plus® where the flue gas stream is
recycled back to the activation unit for that physical activation.

8.4.2 Economic analysis

A detailed analysis of the COE for the three scenarios is demonstrated in Figure 8.5. The
activation unit and pyrolysis reactor are the most expensive equipment for all three scenarios.
The activation unit accounts for 49.1 %, 43.2 %, and 39% of the overall equipment costs for
scenarios 1, 2 and 3. In contrast, the cost of a pyrolysis reactor accounts for 23.1%, 20.4% and
18.4% of the overall COE for scenarios 1, 2 and 3, respectively. The high costs of the activation
unit could be attributed to the increased temperature requirement compared to the pyrolysis
unit. Activation is performed at a higher temperature range of 800—1000 °C, which requires
specialized reactor materials to withstand such temperatures. The total COE is illustrated in
Figure 8.6. The cost declines in the following order: scenario 3 (4.7 million U.S $) > Scenario
2 (4.2 million U.S $) > Scenario 1 (3.7 U. S $). The high cost of scenario 3 could be because
of the additional functionalization and combustion units. Although the functionalization unit
helps to improve the surface chemistry of AC, it contributes to an increase in the COE. The
breakdown of the CAPEX and OPEX estimation is shown in Figure 8.7. The OPEX for the
three scenarios increases as follows: scenario 1 (5.9 million U.S $) < scenario 2 (8.3 million
U.S $) < scenario 3 (11.4 million U.S $). The greater OPEX for scenario 3 could be because of
the higher variable and fixed operating cost.

The variable operating cost includes the cost of SCG, DES chemicals (urea and choline
chloride), Industrial grade CO2 cost and utility cost (Michailos et al., 2019a). Additionally, the
fixed operating cost (FOC) comprises overhead cost, maintenance cost, insurance, and labour,

and they remain constant regardless of the production level.
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Figure 8.5: Breakdown of the equipment purchase costs for all the three scenarios.

The addition of combustion and functionalization units in scenarios 2 and 3 increases the
number, cost of labour and raw materials. This could ultimately increase the OPEX of scenarios
2 and 3 compared to scenario 1. A breakdown of OPEX cost indicates that the utility and raw
material cost accounts for most of the OPEX in all three scenarios (Figure 8.7). Raw material
cost accounts for 60.8 % of the OPEX in scenario 3 due to the use of DES. Moreover, the
electricity cost is higher for scenarios 2 and 3 than in scenario 1, owing to the addition of the
combustion chamber unit. The contribution of the FOC was not substantial for all three

scenarios. FOC contributed 17.2%, 15.1% and 12.2 % for scenarios 1, 2 and 3 respectively.
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Figure 8.6: Overall cost of equipment for all the three scenarios.

The CAPEX for the three scenarios declines in the following order: scenario 3 (19.3 million
U.S $) > scenario 2 (17.4 million U.S $) > scenario 1 (15.3 million U.S $). The CAPEX
includes the fixed capital investment (FCI), start-up cost and the working capital (WC), all of
which are dependent on the COE. Therefore, the superior CAPEX of scenario 3 could be
attributed to the increased COE. CAPEX and OPEX estimation provided the information
needed for the discounted flow analysis (DCFA). The analysis was used to evaluate AC's MSP
and calculate different profitability indexes (Michailos et al., 2019; Ledn et al., 2020). The
profitability of AC production from different routes was determined by comparing parameters
such as payback period (PBP), net present value (NPV), and discounted cash flow rate of return
(DCFR). A detailed explanation of the profitability index and its significance can be found
elsewhere (Gutiérrez Ortiz, 2020).

Figure 8.8 shows the cash flow analysis for three different scenarios for AC production. As
shown in Figure 8.8, negative cash flow was obtained for year zero due to the money used for
land purchase and the total capital investment. Moreover, funds are recovered from sales and
investments after complete construction and project initiation. These funds ensure that the cash

flow becomes positive over the years.
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SCENARIO 1 SCENARIO 2 SCENARIO 3

OPEX 5.9 8.3 11.4

CAPEX 15.3 17.4 19.3

Figure 8.7: Total CAPEX and OPEX for the three scenarios and the OPEX breakdown.

The PBP estimated for the three scenarios for the undiscounted case decreases as follow:
Scenario 3 (4.1 years) > scenario 2 (3.1 years) > scenario 1 (2.6 years). The PBP indicates the
time it takes for the investment cash flow to equal the initial cost. The PBP should be less than
the entire project life for an investment to be economically feasible. Based on the PBP, all three
scenarios are profitable. Although promising, the PBP does not explain the performance of the
project once the investment recovers its initial outlay. Therefore, the NPV and DCFR are also
used as complimentary profitability index.

The MSP of the three production routes (the cost of AC that produces zero NPV) was assessed
and compared with literature values and the price of commercial AC (Table 8.3). The AC
produced from scenario 1 had the lowest MSP (0.15 U. S $/kg). In contrast, scenarios 2 and 3
had MSP of AC as 0.21 U. S $/kg and 0.28 U.S $/kg respectively. This indicates that the AC
production could become profitable from economic perspective if the price of AC is above this
break-even point. The minimum selling price of AC for the three scenarios is comparable to
that of commercial biochar and AC (Table 8.3). Struhs et al. (2020) developed a mobile
pyrolysis unit and assessed the MSP of biochar produced from slow pyrolysis of the unit using
cattle manure as feedstock. They obtained an MSP of 0.27 U.S $/kg. In another study, Palm oil
empty fruit bunches were used as feedstock to estimate the MSP of a slow pyrolysis plant in
Selangor (Harsono et al., 2013). The produced biochar had an MSP of 0.53 U.S $/kg. It should
be mentioned that the cost estimation methods and MSP reported in the studies in Table 8.3
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are different. Moreover, the price documented for different studies (Bora et al., 2020; Sahoo et
al., 2019; Kung et al., 2013) is relevant to the publication date. Combining technologies such
as slow pyrolysis and acid impregnation have the potential to improve the activated carbon
properties for several industrial applications. Honeydew peels were used as feedstock for slow
pyrolysis and acid impregnation (sulfuric and phosphoric acid) to produce activated carbon
(Yunus et al., 2020). The integrated AC production process obtained an MSP value of 0.26.
Moreover, the AC showed promising results in the removal of heavy metals from mining
effluents. Advanced pyrolysis technologies such as microwave pyrolysis have also been used
to produce biochar from different feedstock, including tree bark, palm date fronts and wood
mix (Haeldermans et al., 2020). MSP values ranging from 0.49 to 0.88 U. S $/kg were obtained
using different feedstock. The MSP of the AC samples derived from three different scenarios
are compatible as well as low compared to the values reported in the literatures. This could be
attributed to multiple reasons that include equipment size mainly the drier size, less energy
required for drying, recycled heat for the drying process, recycled flue gas stream for the
activation process, and the usage of low cost and non-toxic deep eutectic solvent to tailor the
surface chemistry of the modified AC samples. It is noteworthy to mention that although the
MSP of AC reported in the present study is promising, several government policies schemes
and study limitations should be considered. For instance, this study does not apply carbon
pricing to specific countries. If applied, the MSP could decrease. However, the carbon pricing
varies for different countries. Also, the produced activated carbon is intended to be used for
several applications, including wastewater treatment, catalysts support, and energy
applications, all of which require specific properties. These properties could be tailed to
pyrolysis process conditions and activation routes, all of which have an impact on the MSP.
The NPV of the undiscounted cash flow was 206.4M U. S.$ (scenario-1)> 173.1 U. S.$
(scenario-2)> 131.1 U. S.$ (scenario-3) while the discounted cash flow (at i= 20%) has NPV
was 31.9M U. S.$ (scenario-1)> 23.6M U. S.$ (scenario-2)> 13.6M U. S.$ (scenario-3).
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Figure 8.8: Discounted and undiscounted cash flow analysis for the three scenarios for AC production.
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Table 8.3: Comparison of the minimum selling price of biochar and activated carbon from different studies.

Feedstock Processing technology | Main product MSP (U.S.$/kg) Ref.
Palm oil empty fruit bunches Slow Pyrolysis Biochar 0.53 (Harsono et al., 2013)
Woodchips briquettes (WCB) Slow pyrolysis Biochar 1.044 (Sahoo et al., 2019)
Poplar Fast and Slow pyrolysis | Biochar 0.067 for fast pyrolysis | (Kung etal., 2013)
derived biochar, and 0.074
for slow pyrolysis derived
biochar
Coffee husks (COF) Microwave slow | Biochar 0.49 (€ 0.43)
Medium-density fiberboard | PYrolysis 0.64 (€ 0.57) (Haeldermans etal., 2020)
(MDF)
Palm date fronts (PDF) 0.88 (€0.78)
Wood mix (AB) 0.63 (€ 0.56)
Tree bark (TB) 0.55 (€ 0.49)
Olives Stone kernels (OS) 0.96 (€ 0.86)
Cattle manure Mobile slow pyrolysis | Biochar 0.27 (Struhs et al., 2020)
unit
Poultry litter Slow pyrolysis Biochar 0.076-0.091 (Bora et al., 2020)
Honeydew peels Slow  pyrolysis and | Activated carbon | 0.26 (Yunus et al., 2020)
H2SO4 impregnation
Commercial activated carbon Not available Activated carbon | 0.45 ("Charcoal, Activated,
Norit®, Alkaline,

Decolourizing |
Canadawide," 2021)
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Spent coffee grounds Slow pyrolysis, CO2 | Activated carbon | 0.28 This study
activation, flue gas
combustion and DES
impregnation

Spent coffee grounds Slow pyrolysis, CO: | Activated carbon | 0.21 This study
activation and flue gas
combustion

Spent coffee grounds Slow pyrolysis and CO- | Activated carbon | 0.15 This study

activation.
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8.4.3 Sensitivity analysis
A local sensitivity analysis was carried out to determine the effect of different parameters,

including the CAPEX, interest rate, feedstock cost, and utility cost on the MSP. Sensitivity
studies are performed by varying one input variable while maintaining the nominal values for
the other variables (Michailos et al., 2019b). Figure 8.9 shows the sensitivity analysis results

for the three scenarios.

SCENARIO-1 SCENARIO-2
Interest rate I Interest rate |
CAPEX == CAPEX =]

Tax rate I Tax rate |
Feedstock cost [ [— Feedstock cost I E—
Utility cost == Utility cost [ —

0.1 0.12 0.14 0.16 0.18 0.2 017 0.19 0.21 0.23 0.25
MSP of AC (U.S.5/kg) B+30% HE-30% MSPof AC (U.S.S/kg) @+30 m-30

SCENARIO-3

Interest rate

CAPEX

Tax rate

Feedstock cost

Utility cost

0.3 0.32 0.34

B-+30H-30

0.24 0.26 0.28
MSP of AC (U.S.5/kg)

0.2 0.22

Figure 8.9: Sensitivity analysis showing the influence of several independent parameters on

the MSP of AC for the three scenarios

Feedstock and utility costs greatly influenced the MSP for all scenarios. However, for scenario-
3, elevation, or reduction in tax rate by 30% is also sensitive to the MSP of AC. A 30%
elevation in the feedstock cost led to an increase in MSP from 0.15 to 0.18 U. S $/kg for
scenario 1. In contrast, the feedstock cost rose from 0.21 to 0.23 U. S $/kg for scenario 2 and
0.28 — 0.33 U. S $/kg for scenario 3. It should be mentioned that feedstock cost is dependent
on the plant location and logistics. Therefore, these should be considered in future studies.
Some studies have also proposed a mobile bio-refinery to minimize the cost of feedstock
transportation and logistics (Struhs et al., 2020; Badger and Fransham, 2006). The feedstock
cost also includes the cost of chemicals used in the DES and the CO> cost. Although, the CO>

cost could be reduced by recycling the effluent CO after activation.
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The utility cost comprises electricity and cooling water and contributes significantly to the
OPEX. A 30% increase in utility cost led to a rise in the MSP to 0.16 U. S $/kg for scenario 1,
0. 23 U.S $/kg for scenario 2, and 0.3 U. S $/kg for scenario 3. Moreover, a 30% decline in
utility cost influenced the MSP positively. The MSP declined to 0.149 U.S.$/kg for scenario 1,
0.19 U. S $/kg for scenario 2 and 0.26 U. S $/kg for scenario 3. The utility cost had a greater
influence on scenarios 2 and 3 due to the additional combustion unit. Moreover, effective heat
integration and peach analysis can be used to reduce the utility cost.

Changing other factors such as CAPEX, tax rate, and interest rate had little influence on the
MSP of AC produced from scenarios 1 and 2, respectively. The CAPEX has a medium effect
on the MSP for all the scenarios. CAPEX accuracy depends on obtaining detailed cost data
from a commercial plant, which is often challenging.

8.4.4 Uncertainty analysis using Monte Carlo simulation

The main limitation of excel for sensitivity analysis is that it provides a single outcome.
However, probabilistic models can include the worst-case and best-case outcomes. A Monte
Carlo simulation generates thousands of outcomes instead of one. Moreover, the local
sensitivity analysis evaluates one variable at a time while other parameters are kept constant.
Thus, the interactions among different variables and the influence on MSP are not considered
(Michailos et al., 2019a). The probabilistic approach assigns distribution functions to several
independent variables. These distributions are varied repetitively with the Monte Carlo
simulation to produce a distribution function showing the probability of a specific outcome.
Therefore, the same approach was used to study the effect of uncertainty or variability of the
independent parameters on the MSP of AC.

The Oracle crystal ball used in the study is an excellent and straightforward tool for creating
probabilistic models in Microsoft excel. A total of 30,000 outcomes trials were performed. In
addition, the shape of the probability distribution for all the parameters was selected based on
the understanding of different independent variables. For instance, the uniform distribution was
chosen for the CAPEX. This kind of distribution requires that the user specify the minimum
and maximum values and suggest that all the parameters have an equal chance of occurrence.
The uniform distribution was selected for CAPEX because the capital costs were estimated
based on information from academic literature, not industrial data. Other parameters such as
the utility cost, interest rate, tax rate and feedstock cost were assigned the triangular
distribution. The minimum, maximum and most likely values are specified in this kind of

distribution.
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Figure 8.10: Monte Carlo simulation results on the MSP of AC for the three scenarios
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Figure 8.10 shows the cumulative probability function and cumulative frequency curve for
1000 trials. The mean MSP values (50 % probability) for scenarios 1, 2, 3 are 0.151 U.S $/kg,
0.23 U.S $/kg and 0.282 U.S $/kg respectively. Moreover, scenario 1 has a 95% confidence
interval for the MSP to be within 0.04 — 0.27 U.S $/kg. In contrast, scenario 2 showed a 95 %
confidence interval for the MSP of AC to be within 0.03 — 0.36 U.S $/kg. Scenario 3 has MSP
range of 0.18 — 0.39 U.S $/kg at 95% confidence interval. There is a 70% probability for the
MSP to be lower than the one computed for all three scenarios. Based on the sensitivity and
uncertainty results, the project remains economically viable for all three scenarios considering
future uncertainties, including tax rate, interest rate, feedstock, and utility cost. Although, a
rigorous lifecycle assessment (LCA) should be performed, and the results combined with TEA

before a commercialization decision can be made.
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8.5 Conclusions

The present study assessed the economic viability of three scenarios for activated carbon
production. Scenario 1 includes the slow pyrolysis and CO: activation unit. In addition, a flue
gas recycling unit was implemented. Scenario 2 comprises flue gas combustion while the third
scenario comprises flue gas combustion and deep eutectic solvent impregnation. All the
scenarios are economically viable based on the NPV, PBP and MSP determined. The NPV of
all the three scenarios is positive, indicating that they are all profitable. However, scenario 1
had the most superior undiscounted NPV of 206.4 million U.S.$. On the other hand, scenario
3 had the lowest undiscounted NPV of 131.1 million U.S.$. The AC produced from scenario 1
had the lowest MSP (0.15 U. S $/kg). In contrast, scenarios 2 and 3 had MSP of AC as 0.21 U.
S $/kg and 0.28 U. S $/kg respectively. In addition, a positive NPV and compatible MSP with
the commercial AC makes the SCG conversion technology to generate AC an economically
feasible technique. Furthermore, the sensitivity analysis shows that different factors such as
feedstock cost, utility cost, tax rate, interest rate and CAPEX influenced the MSP of AC derived

from different scenarios.
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Chapter 9 Summary, conclusions, significant contributions, and recommendations
9.1 Overall summary and conclusions

This research successfully developed and analyzed carbon-based adsorbents through different
thermochemical conversion techniques for CO2 removal performance. The overall objective of
this thesis was to (1) compare and understand the influence of low (torrefaction) to mild (slow
pyrolysis) thermal treatment techniques for the two-stage physical activation process, (2)
evaluate the impact of precursors on synthesizing biochar and AC, (3) study the thermal
decomposition pattern of the precursors, (4) understand the influence of activation parameters
on the textural properties and product yield to optimize the activation conditions, (5) enhance
CO- adsorption performance of DES functionalized AC samples, and (6) evaluate the economic
feasibility of thermochemical conversion technology using SCG as the precursor to produce
AC.

This study examined the influence of two independent parameters (torrefaction temperature
and residence time) on the mass and energy yield as well as on the physicochemical
transformation of the corresponding biomass samples. Based on the modelling results, it was
observed that temperature is a crucial parameter that significantly influences the mass and
energy yield performance irrespective of the nature of the precursors. For instance, with
increasing torrefaction temperature to 300 °C, the mass yield of the corresponding torrefied
biomass samples declined remarkably to 75.1% for SCG and 67.5% for CH at 300 °C. The
SCG-derived torrefied biomass demonstrated higher equilibrium adsorption capacity of 0.38
mmol/g than CH derived biomass sample (0.23 mmol/g) at 25 °C and in the presence of 30
vol% of CO2 (balanced by N2). Comparatively the better performance of SCG than CH derived
torrefied biomass could be owing to its high specific surface area and surface functional groups.
The findings reveal that SCG has shown superior CO2 adsorption capacity than CH but would
need further thermal treatment or functionalization to tailor the surface and textural

characteristics to attract more CO2 molecules under a typical post-combustion scenario.

In the second phase the average activation energy calculated to evaluate the thermochemical
conversion efficiency of the precursors. The average activation energy for SCG estimated were
101.6 kJmol? (FWO method), 91.56 kJmol? (KAS method) and 90.4 kJmol™? (Friedman
method). On the other, the activation energy evaluated for CH is slightly higher at 106. 2 kJmol
1 (FWO method), 96.0 kJmol* (KAS method) and 101 kJmol (Friedman method). With higher
volatile content, high heating value (22.3 MJ/Kg), activation energy (90.4-101.6 kJmol™),
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Gibbs free energy (146.11-148.35 kdmol™?), entropy (-127 Jmol™?), lower content of N (2.3
wt%) and S (0.6 wt%) of SCG compared to CH have shown that it has higher potential for
adsorbent production than CH and can also be exploited as a feedstock for the production of
biochar, in an energy-efficient manner owing to the higher activity or requirement of lower

activation energy.

The specific surface area was increased to over five times (539 m?/g) than the torrefied biomass
prepared under the most severe conditions (100 m?/g) or over 250 times than the precursor (2
m?/g). Furthermore, the availability of N-5 (pyrrolic and/or pyridonic-N) and N-6 (pyridinic)
nitrogenated functional moieties and developed aromatic structure in SCG-600, made a
potential candidate to trap CO». The highest equilibrium adsorption capacity of 2.8 mmol/g
was obtained using SCG-600 at 30 °C and in presence of 30 vol% of CO2 in N2 owing to the
synergy between the acid-base interactions and VVander Waals force of interaction between the
adsorbate-adsorbent as well as the availability of high specific surface area. It was observed
that to proceed for further thermal treatment like activation, biochar produced from slow
pyrolysis is more feasible than torrefaction in terms of development in textural characteristics
and surface functional moieties. Consequently, the AC sample derived from SCG-600 could

be proposed as a promising alternative strategy to capture CO..

To investigate the interactions between process parameters during activation, the Box—
Behnken design methodology was used to study the effect of temperature (600-800 °C),
reaction time (60—120 min) and gas flow rate (150-250 mL/min) on specific surface area and
activated carbon yield. Maximum Sger of 1224 m?/g and yield of 57.4 % were obtained at 800
°C and 150 mL min of CO2 in 90 min of activation time. Further the pristine AC-CO, was
treated with deep eutectic solvent (choline chloride and urea) to incorporate basic functional
groups on its surface. Deep eutectic solvent treated AC sample had comparatively the lower
Seer (1033 m?/g), which is attributed to its recalcitrant chemical structure difficult to
decompose even at lower-thermal treatment conditions as well as chemicals clogged the porous
structure. However, the superior CO, capture of AC-DES-0.4 (5.5 mmol/g) compared to AC-
CO2 (4.34 mmol/g) at 25 °C and in presence of 15 vol% of CO2 in N2. The superior performance
of DES functionalised AC (AC-DES-0.4) was attributed to the presence of basic oxygenated
(carboxylates, lactones, and phenols) and nitrogenated functional groups (pyrrolic and/or
pyridonic-N & pyridinic) on its surface as well as the porous structure available accelerated the
CO: capture performance under post-combustion scenario. Under a typical post-combustion

COz capture scenario, surface functionalities also play a significant role along with the textural
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characteristics and so the presence of desired surface functionalities is desirable to enhance the

CO- capture performance.

In the last phase of the study, the economic viability of the thermochemical conversion
technique to synthesize AC using SCG as the potential lignocellulosic feedstock was examined.
In this regard, a novel self-sustaining process designed to process 50,000 tons of SCG (dried)
annually was proposed. Overall, the study compares different AC production scenarios in terms
of their economic feasibility. The AC produced in scenario 1 had the lowest minimum selling
price (MSP) of 0.15 U. S $/kg. In contrast, scenarios 2-3 had MSP of AC as 0.21 U. S $/kg and
0.28 U. S $/Kkg, respectively. Furthermore, the price of the DES-treated AC sample was also
compatible with the price of commercially available activated carbon (0.45 US $/kg). Hence,
the findings show that AC (Pristine and DES-treated) production from SCG is a viable and
economically feasible technology. The NPV (net present value) of all the proposed three
scenarios is positive, ranging from 206.4 million U.S.$ to 131.1 million U.S.$. Sensitivity
analysis indicates that MSP of AC is mainly affected by the feedstock and utility cost.

9.2 Significant contribution to the knowledge

The significant contribution of this study in extending the knowledge of the production of
carbon-based adsorbents from lignocellulosic biomass to capture recalcitrant CO2 under the

post-combustion scenario is listed below.

The review article in this study provides a compilation of recent advances in CO capture
technologies focusing mainly on the available post-combustion capture techniques,
lignocellulose-based biomass utilized to synthesize AC, the influence of different activation
agents and challenges and future perspectives. The study also comprehensively highlighted the
role of activated carbon in CO. removal from the post-combustion capture facility.

The thesis provides a detailed understanding of the influence of torrefaction parameters and
the effect of precursors on physicochemical characteristics and their candidacy for CO;
capture. The impact of the torrefaction conditions on the mass and energy yield was determined
based on the simulated model determined.

The study contributes to understanding the impact of pyrolysis process parameters on the
thermal decomposition pattern, kinetics and thermodynamics parameters predicting the most
promising feedstock for biochar generation in terms of thermochemical conversion efficiency

and physicochemical properties.
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Spent coffee grounds as representative of the coffee waste was found to be a promising
precursor for biochar production. Consequently, the study adds to the knowledge of biochar
generation from SCG with tailored surface and textural properties required for CO2 removal
from simulated flue gas stream.

The thesis provides a comprehensive understanding of the effect of the activation parameters
on specific surface area and AC yield. Furthermore, the study highlighted the influence of
natural deep eutectic solvent in transforming the surface chemistry for CO: capture
performance.

The techno-economic assessment of the AC production reveals that the thermochemical
conversion of SCG is an economically feasible strategy. The price of AC is the most critical
determining factor of an AC production plant's economic feasibility. From a financial
standpoint, the proposed scenarios for the thermochemical conversion process were found to
be profitable.

9.3 Future Recommendations

Compare the potential of different low-temperature thermochemical conversion techniques like
hydrothermal carbonization (HTC) or hydrothermal liquefaction (HTL) to synthesize biochar
using lignocellulose biomass as the starting material in terms of their physicochemical
properties and CO; adsorption performance.

To evaluate the kinetic parameters of a thermochemical conversion process like slow pyrolysis
using computational fluid dynamics (CFD) technique.

In the future, compare the conventional and microwave-assisted pyrolysis techniques to
produce biochar in terms of biochar's yield and physicochemical properties and compare the
CO: capture performance. Also, study the impact of co-pyrolysis on the physicochemical
properties of biochar and CO> capture performance.

In future, compare the properties of AC samples obtained by using a mixture of CO2 and N2 in
the flue gas combination as the activating agent to make the overall activation process
economically feasible.

To reduce the energy requirement during the two-step activation technique, the microwave-
assisted ultrasonic pathway could be explored to determine its candidacy in AC synthesis with
desired physicochemical properties for CO2 removal. Also, study the impact of particle size of
the precursor and AC samples on the physicochemical characteristics and CO. removal

performance.
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+«+ Studies comparing the influence of various adsorption parameters using a sophisticated tool
like machine learning (artificial neural network, ANN) and validating the findings with
statistical tools like (BBD or CCD) are necessary to propose the optimized CO2 adsorption
conditions in a pressure swing adsorption unit. The flue gas stream containing traces of
moisture along with other gases (CO2, N2 and O) could help elucidate the activated carbon's
hydrophobic role. Hence, investigating the effect of moisture is recommended in future.

% For potential industrial applications of AC derived from SCG, a detailed CO> capture unit in
the TEA analysis and life cycle assessment (LCA) should be conducted to assess the conversion
technique's overall environmental impact and economic viability. However, designing a
reliable life cycle assessment would demand huge time and effort.

% A comparative evaluation of various promising solid adsorbents such as carbon nanotubes or

zeolite should be examined regarding CO. removal performance and economic feasibility.
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Appendix B: Torrefaction, slow-pyrolysis, and CO; activation for production of

torrefied biomass samples, biochar and activated carbon samples

Temperature and mass flow calibration curve for torrefaction, slow-pyrolysis and CO2
activation set-up are presented below:

Temperature of the furnace was controlled by a temperature controller (Eurotherm 2416) and
temperature calibration data of bed is shown in Figure B.1. N2 and CO; flow were controlled
by a mass flow controller (Brooks Instrument, 5850S A/B) and the calibration data are shown
in Figures B.2 and B.3, respectively.
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Figure B.1: Temperature calibration data for the furnace installed on the torrefaction, slow-

pyrolysis, and CO2 activation set-up.
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Figure B.2: Calibration data for N2 mass flow controller used in the torrefaction, slow-

pyrolysis, and CO- activation set-up.
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Figure B.3: Calibration data for CO2 mass flow controller used in the CO> activation set up.
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Appendix C: CO:2 calibration curve and GC calibration curves for CO2 adsorption

experiment in Chapters 3-6
GC calibration Date on October 22, 2020, is shown in Table C.1 and Table C.2.

Table C.1: Composition of standard gas used for GC calibration

0.3306 41 1 9.92500e=1 19.83098 5.00480e-2 He
2 3.97000 ©4.37440 6.16705e-2
3 7.94000 113.60070 6.98939%e-2
0.360 1 1 2.49250 8310397 2..99925€-=2 H2
2 9.97000 256.94131 3.88026e-2
3 19.94000 438.80035 4.54421e-2
0.406 2 1 1.75000 1557665 1.15309e=1 co2
2 7.00000 50.32441 1.39098e-1
3 14.00000 90.91829 1.53984e-1
0.429 2 1 7.72500e-1 6.88850 1.12143e-1 Ethylene
2 3.09000 2271481 T.36035e=1
3 6.18000 4095055 1.50914e=1
0.448 2 1 1.26000e-1 1.17740 1.07015e=1 Ethane
2 5.03000e-1 387008 T.2994Te=1
3 1.00600 6.93043 1.45157e-1
0.481 2 .1 1.28000e~1 9.25400e=]1 1.38319e=1 Acetylene
2 5.13000e-1 3.04803 1.68305e-1
3 1.02600 5.50436 1.86398e-1
0.481 1 1 5.00000e-1 1..772535: 2.89196e=1 02
2 2.00000 5.75504 3.47522e-1
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Table C.2: Composition of standard gas used for GC calibration

Component Certified concentrations (molar concentration%) Analytical
accuracy

Acetylene 0.513 +204
Carbon dioxide | 7.00 +20%
Carbon 8.05 +2%
monoxide
Ethane 0.503 +2%
Ethylene 3.09 +2%
Helium 3.97 +2%
Hydrogen 9.97 +2%
Methane 6.01 +2%
Oxygen 2.00 2%
Propane 0.709 2%
Propylene 0.504 2%
Nitrogen Balance
Part Number NI AC5000X14CAS
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Figure C.1: Calibration data for N2 mass flow controller used in the CO> capture set-up.
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Figure C.2: Calibration data for CO2 mass flow controller used in the CO> capture set-up.
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Appendix D Additional data for Aspen Plus simulation used in Chapter 4

C fact is the factor to convert the ultimate analysis to

C awet basis

C NB! water is the %moisture on a wet basis, but all the other

C Components are on a dry basis.

fact = (100-water)/100

H.O = water/100

Ash = ult(1) / 100 * fact

Carb = ult(2) / 100 * fact

H> = ult(3) / 100 * fact

Anz = ult(4) / 100 * fact

Cl2 = ult(5) / 100 * fact

Sulf = ult(6) / 100 * fact

O2 = ult(7) / 100 * fact

WRITE (NTERM, 100) fact

100 FORMAT ("Conversion Factor", 4f10.2)

C Changing ash to include some unburned carbon

C Calculating the total masses leaving as carbon and ash (slag)
unbc = (1-maxcc) * carb
carb = carb - unbc
ash = ash + unbc

C Calculating the composition of the ash (slag)

C For proximate and ultimate analysis...

C  Fixed carbon:
IF (ash .GT. 0) THEN
proxfc = unbc/ash*100
ELSE
proxfc = 100
END IF
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ultfc = proxfc
C Ash (as component of total ash mass):
proxas = 100 - proxfc

ultas = proxas

| @Define |QC5\(u|ata @Sequence | Tears |Straam Flash | Comments

Calculator block execution sequence
Execute Block type Block name
Use import/

variables -
List variables as import or export

Import variables ur WATER

Epiaets H20 ASH CARB H2 AN2 SULF 02 MAXCC PROXFC ~ PROXAS  ULTFC ULTAS

IQDeﬁne |0Ca|:u\ate |05equan:a |Tears |Stream Flash | Comments

Active
~ Sampled variables (drag and drop variables from form to the grid below]
Variable Infermation flow Definition -
ur Import variable Compattr-Vec Stream=5CG Substream=NCP5D Component=5CG Attribute= ULTANAL
WATER Import variable Compattr-Var Stream=5CG Substream=MNCPSD Component=5CG Attribute=PROXAMAL Element=1
H20 Export variable Block-Var Bleck=RYIELD Variable=MASS-YIELD Sentence=MASS-YIELD ID1=H20 ID2=MIXED
ASH Export variable Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-YIELD ID1=ASH ID2=NCPSD
CARB Export variable Block-Var Black=RYIELD Variable=MASS-YIELD Sentence=MASS-VIELD ID1=C ID2=MIXED =
H2 Export variable Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-YIELD ID1=H2 ID2=MIXED
AN2 Export variable Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS5-YIELD ID1=N2 ID2=MIXED
SULF Export variable Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-YIELD ID1=5 ID2=MIXED
02 Export variable Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-YIELD ID1=02 ID2=MIXED
MAXCC Export variable Local-Param Initial value=0.93 B
PROXFC Export variable Block-Var Block=RYIELD Variable= COMPATT Sentence= COMP-ATTR ID1=NCPSD ID2=ASH ID3=PROXAMAL Element=2
PROXAS Export variable Block-Var Block=RYIELD Variable= COMPATT Sentence=COMP-ATTR ID1=NCPSD ID2=ASH ID3=PROXANAL Element=4 _

New | View Variables |

~ | Edit selected variable

Variable GuiT - Reference Information flow

e Type Compattr-Vec - @ Import variable

@ Al Stream: sCG - Export variable
Blocks Substream: NCPSD - Tear variable
N Component:  5CG -
Model Utility Attribute: ULTANAL -
Property Parameters
02 Export variable Block-Var Block=RYIELD Variable=MASS-YIELD Sentence=MASS-YIELD ID1=02 ID2=MIXED
MAXCC Export variable Local-Param Initial value=0.39
PROXFC Export variable Block-Var Block=RYIELD Variable=COMPATT Sentence= COMP-ATTR ID1=NCPSD ID2=ASH ID3=PROXAMAL Element=2
PROXAS Export variable Block-Var Block=RVIELD Variable=COMPATT Sentence=COMP-ATTR ID1=NCPSD ID2=ASH ID3=PROXAMAL Element=4
ULTFC Export variable Block-Var Block=RVIELD Variable=COMPATT Sentence=COMP-ATTR ID1=NCPSD ID2=ASH ID3=ULTANAL Element=2
ULTAS Export variable Block-Var Block=RVIELD Variable=COMPATT Sentence=COMP-ATTR ID1=NCPSD 1D2=ASH ID3=ULTANAL Element=1
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Appendix E Additional data for Matlab code for kinetics used in Chapter 5

function d = backward(y,x,p)

% backward

%

% Calculates derivative d of vector y at point x(p) using backward difference
% approximation.

%

% y = vector containing function values
% X = vector containing increments

% p = point number where to calculate
% d = derivative of y at point p

d = (y(p)-y(p-1))/(x(p)-x(p-1));

end

Forward

function d = forward(y,x,p)

% forward

%

% Calculates derivative d of vector y at point x(p) using forward difference
% approximation.

%

% y = vector containing function values
% X = vector containing increments

% p = point number where to calculate
% d = derivative of y at point p

d = (y(p+1)-y(P))/(x(p+1)-X(p));

end

Central

function d = central(y,x,p)

% central

%
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% Calculates derivative d of vector y at point x(p) using central difference

% approximation.

%

% y = vector containing function values

% X = vector containing increments

% p = point number where to calculate

% d = derivative of y at point p

d = (y(p+1)-y(p-1))/(x(p+1)-x(p-1));

end

derivative

function d = derivative(y,x)

% Numerically estimates the first derivative of a vector, using forward difference
% for first point, backward difference for last point, and central difference for
% all intermediate points.

y =[0 0.100129771 0.20021374 0.300002776 0.400564192 0.5003644
0.600290146 0.700220125 0.80006211 0.900054545];

X = [443.6511 551.6034 574.0014 590.7209 605.9316 625.49 686.1234
753.3851 833.364 951.7553

% d = derivative(y, X)

%

% where

% y = input vector containing function values

% X = input vector containing argument increments
% returns

% d = Numerical derivative of y. All vectors have the same length
d(1) = forward(y, x, 1);

for n = 2:size(y,2)-1

d(n) = central(y, x, n);

end

d(size(y,2)) = backward(y, X, size(y,2));

end
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Appendix F Additional data for Aspen plus simulation used in Chapter 8

Definition of feedstock using calculator block
c factis the factor to convert the ultimate analysis to

c awet basis

¢ NB! water is the %omoisture on a wet basis, but all the other

C components are on a dry basis.

fact = (100-water)/100

h2o0 = water/100

ash = ult(1) / 100 * fact

carb = ult(2) / 100 * fact

h2 = ult(3) / 100 * fact

an2 = ult(4) / 100 * fact

cl2 = ult(5) / 100 * fact

sulf = ult(6) / 100 * fact

02 = ult(7) / 100 * fact

WRITE (NTERM, 100) fact
100 FORMAT ("Conversion Factor",4f10.2)

¢ Changing ash to include some unburned carbon

C Calculating the total masses leaving as carbon and ash (slag)
unbc = (1-maxcc) * carb
carb = carb - unbc

ash = ash + unbc

C Calculating the composition of the ash (slag)
C For proximate and ultimate analysis

C Fixed carbon:
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IF (ash .GT. 0) THEN
proxfc = unbc/ash*100
ELSE
proxfc = 100
END IF
ultfc = proxfc
C Ash (as component of total ash mass):
proxas = 100 - proxfc

ultas = proxas

Design specification

I & Define | & Spec | & Vary | Fortran I Declarations I EQ Options I Comments
[ Active

# | Sampled variables (drag and drop variables from form to the grid below]

Variable Definition

ACTC Maszs-Flow Stream=AP Substream=MIXED Component=C Units=kg/hr

View Variables
# | Edit selected variable
Variable & ACTC - ~ Reference
 Eatmzany Type Mass-Flow -
Stream: AP -
Al
Substream: MIXED -
© Blocks Compenent: C -
@) Streams Units: kg/hr -
) Model Utility
) Property Parameters
1 Reactions

~ EQ input

Open variable

Description

| @ Define | & Spec |0Var},r |Fortran |Declarations EQ Options | Comments

~Design specification expressions

Spec [are
Target 6584.13
Tolerance 0.1
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& Define |05pec & Vary |F0rtrar'| |Declarati0ns EO Options | Comments

~Manipulated variable

~Manipulated variable limits

Type | | Lower 500
Strearn: coz2 - Upper 700
Substream: MIXED - Step size
Variable: MASS-FLOW  ~ Maximum step size
Units: kg/hr -
~Report labels
Line 1 Line 2 Line 3 Line 4
~EQ input
Open variable
Description
o
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