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Abstract

Energy conservation and environmental sustainability has become global concern.
Therefore, energy sourcegheir associated sustainable conversion and storage
technologies tanaximize energyand minimize pollutionis being looked farBiomass
materialshas shownability for energygenerain and stoage Due to their abundant
sources and renewabilitigrge amountindergo spoilage readilyecause otheir high
moisture contentesultingto increasd amount ofCO; releasedto the environment
Consequently, efficigrconvesion of thesebiomass materials to vaksglded materials
will helpvarious industries and save the environment.

Convesion ofbiomass into porous carbon material has been a costly and energy
intensive procesas it hasnvolved multi-stagethermal process bove 900 eC.
conversion methods, such @arbonisatiorand activation, hydrothermal amadtivation,
and other templating strategiessHaeen explored to overcomeettabovementioned
challengesHowever, the process of first obtaining biochar from biomass, followed by
the biochar activation with chemicals siashZnCs, KOH or removal of templates results
in carbon that falls short afeveral applications especialypercapacitor applications.
Therefore, developing a singdage thermal route for biomassto carbm for
supercapacitor applicationill be asignificant advancement.

This PhD research has focused on optimising a sstgigethermal process route
for biomass materials conversion to functiof@rous)carbon using thenolten base
carbonisatiorand ativation (MBCA) pracess

The novelty sal pristinewet biomass witta minimal ratio of the desired base to
achievedepolymerization of biomass constituentgercalation of metallic ion through
nucleophilic substitution and bond breaking of biomass monomers, dehydration,
deacetylation, and recombination of reactives@eciesbefore drying, followed by
elevated temperatufearbonisationprocessThis process route hast been reported.

The process mech@m and reactionsare summarised as follows: At room
temperature the interaction of KOH, Biomgdsemponentsand HO causedxidation,
dehydrationgdeacetylationdecarboxylation and decarbonylatibnough bond cleavages
and nucleophit substitutionto generate potassium organic compouritise potassium
organic compounds are also fornmestause ahe organic acid interactions with base via
neutralisation reactionsAt elevated temperatureshe generatedpotassium organic



compound and oxygen active species enhancksthydration deoxygenation,
decarboxylationdecarbonylation, dehydrogenation ardmatisation reactioroupled
with KOH activation mechanism for isitu activationof carbonwith the release of
volatiles

Moso bamboo shoots aRbdishwere selectedas biomasgrecursordased on
theirrich carbonsource, shontnaturity cycle and sustainabilitfrheywere subjected to
proximate analysigind ultimate analysifo determine theiorganic compositiorand
elemental compositionAlso, thermogravimetry (TG), derivative thermogravimetry
(DTG) and differential scanning calorimetry (DSQYyay-diffraction (XRD), Fourief
transform infrared spectroscodyTIR), wereconductedn samples mixed with KOH to
understand t biomass transformatioand thermal behaviourThe derived carbon
samples were characterisedtermsof their thermal stability elementalcomposition
morphology, surface functional groupsad compositionspedfic surface aregSSA),
pore structuregrystallographic andraphitic structureand electrical conductivity before
applicationas alternative electrogeetivematerial in EDLcapacitor

Preliminaryresults on feasibility studies for MBCghowed biomass to KOH ratio
affected the carbon properti@s relation tomorphology,SSA porousstructure,and
graphitic structureOptimum biomass t&OH ratiowasrevealed tde 15:1 with SSAof
1367.82m? g and specific capacitiveperformanceof 327.23F g?. Also, the least
biomass to KOH rati¢6:1) had the largesSSAof 1452.45m? gl with specific capacitive
performanceof 277.08 F g*. This resultrevealedthat highspecific capacitancevas
achieved with large SSA combined with a hierarchical porous structure.

Further investigation on the effect of cation withoso bamboo shootsvith
optimum ratiq revealed thathe hydroxidecation usedor MBCA affeciedthe properties
of derived carbon. Thaotassium hydroxidd<OH) derived carboria MBCA hadhigher
SSAof 1367.82 M gtthan955.36and872.62 n? g X for lithium hydroxide (LiOH.HO)
and sodium hydroxide (NaOH) mediated processes, respectiMaly.revealed that
cation and carbon reactivity are different irrespective of same temperature coaddion
biomass sourceThe calculatedspecific capacitancat 20 mV s! was306.99, 176.22,
186.98 F ¢ for KOH, NaOH and.iOH.H20 respectively

MBCA conductedon Moso bamboo shoots aRhdish atr 0 0 e C had r
hierarchical porous structuvéth largeSSAof 1367.82and1172.83 mi g* respectively
comparedwith 0.58and0.12m? g* for pristine Moso bamboo shoots and Radisth



only carbonisationThis resulrevealed that low amount of KOtégld be used to convert
different biomass sourcés porous carbon via MBCA heseresults in terms of SSA are
comparabléo commerciahctivated carbon with425.89 mg? derived from multistage
thermal processes (carbonisation and activation

FurthermoreMBCA processevealed 80@C to be thebesttemperaturéo achieve
maximum SSA of 1948.85and 1571.92 nmi g for Moso bamboo shoots and Radish,
respectively. However, they did nshowthe best electrochemical performameeich
could be linked to their pore structufkhis result showed th#te MBCA processan be
used to obtain largeSAcarbon for diverse applications that would require large surface
area.Thoughsamples obtained at higher carbonisation temperatures had better electrical
conductivity compared to those obtained at low temperatures. lefurtmfirmed that
MBCA process is temperature and ion dependent.

Moreso,the residencéme for MBCA processffectedcarbon propertiesAt 700
e @or 1 hr, theleastSSAof 1190.51and984.56m? g was obtained for Mosbamboo
shoots and Radish respectivef.3 hrs, maximumSSAof 1367.82and1172.83m? gt
was obtainedor Moso bamboo shoots and RadishpectivelyThey hadbetter graphic
structureand conductivity These results revealed that MBCA processld yield a
porous carbon within short residenceéme, but some other properties wowddffer some
deficiency

Furthermore, the specific capacitance vafrious derived carbon evaluateith
symmetric electrochemical doull@yer (EDL) capacitoat 5 mVs!in 6 M KOH was
327.23and257.03 F ¢ for Moso bamboo shoots and Radisispectively, compared to
142.44 F ¢ for the commercial carbon used for most supercapaciédter 10,000
cycles, the symmetric cells showed outstanding cycling stalkésping95% and 90%
of their initial specific capacitance. The performance atasbutedto their high SSA,
hierarchical porous structure, and rich surface functigmalgen ad nitrogen)groups,
which supplied an efficient electrode area and improved contact for improved
performance.

Further investigation on the scale of the MBCAprocessusing Mosobamboo
shoots wagonductedwith different reactor designs (horizontal and verticaly@@ 0 e C
for 1 hr. TheSSAfor horizontal reactofH-1) and vertical reactqivV-1) was1190.51and
1198.47 m g, respectively. This further confirms that usifiBCA, procesgime for

porous carbon pduction can be eximizedto save energyThe differences igraphitic



structureand conductivity of carbon samples reflected in their specific capacitance of
164.75and160.26 F ¢ for the vertical and horizontal reactors respectivaiyl0 mV s

lin 1M TEABF 4#/AN (which is an organic electrolyte used in most commercial devices).
Both carbons displayed better specific capacitance compared to commercial carbon
(143.08 F @) at same condition. Furthermorat a specific current of 0.1 AlgV-1
displayeda better cycling stability of 1000 cycles whictprovedits actualability to

serve as an alternative electrode material.

Comparedmaterial,energy, and cost analysis for the conventional carbonisation
and activation process using the-preed Moso bamboo shoots and MiBCA of wet
bamboo shoots with KOMas conductedrhe MBCA approacthad a better overall yield
of 8.6 %compared t®.93 % br the conventional approachhe MBCA procesgroved
to be36.98 %of the costfor conventional proces3he cost saing is from the cost of
activation reactor anthe amount oKOH used in the existing conventional process

In conclusion, thisstudy has shown that the conversion of biomass to porous
functional carborsuitable for electrode material for energy storagebeamonductedn a
singlestage thermal process at low fnatures, with little resources, and at a cheap cost.
The findings of this study suggested that using wet biomass through MBCA might be a
practical way to lower the cost of producing functional carbon from biomass. It would
also reduce the environmentatoplems associated with wet biomass, particularly
agricultural wastethatareeasily decomposabl&he innovative technique presented here
offers an easypathwayfor the largescaleproductionof carbon for supercapacitor use,

decreasing biomasgastewhile contributingto energy storage.

Keywords: Biomass, Molten Base Carbonisation and Activation, Porous carbon,
Potassium Hydroxide, Temperature, Residence Time, B&wmicalDouble Layer
(EDL) Capacitors
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MSCA Molten Salt Carbonisation and Activation
MBCA Molten BaseCarbonisation and Activation
EDLC ElectrochemicaDouble Layer Capacitor
HTC HydrothermalCarbonisation

SSA Specific Surface Area

SeeT Surface Area fronBrunauer Emmett Teller
DFT Density Functional Theory

TGA Thermogravimetric Analysis

DTG Derivative Thermogravimetric

DSC Differential Scanning Calorimetry

Csp Specific capacitance

CVv Cyclic Voltammetry

EIS Electrochemical Impedance Spectroscopy
GCD Galvanostatic Charge Discharge

KOH Potassium Hyadxide

NMP 1-Methyl-2-pyrrolidinone

PVDF Polyvinylidene Difluoride

AN Acetonitrile

TEABF4 Tetraethylammonium tetrafluoroborate
FE-SEM Field EmissionScanning Electron Microscope
XRD X-ray Diffraction
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PSD Pore Size Distribution

FTIR Fourier Tran®rm Infrared Resonance
XPS Xray Photoelectron Spectroscopy
nm Nanometre

Vi Total pore Volume

V mic Micropore volume

Vmeso Mesopore volume

Da Average Pore Size
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CHAPTER 1: BACKGROUND OF THIS RESEARCH

1.1. Energy and Environmental Sustainability

Energy is being sourcedfom various sourcedecause of the exponential
industrialization that is fast increasing the world's energy consumption. Figure 1.1
illustrates different energysourcesincluding nuclear, renewable, and fossil #jel
according to the energy information administration (E[A). However, with the
concerns about mining costs, fossil fuel depletion, and environmental pollution across the
globe, the goal is téook for efficient, renewable energy sources and energy storage

techniques that are inexpensive, sustainable, and enviracaipdriendly.

100%
90% renewables
80%
70%
60% coal
50% petroleum
40% qnd_other
liquids
30%
0,
i natural gas
10%
0% nuclear

2020 2050
Figure 1.1.Energysources anduture projection[1].
Whereas energy generation technologies have incredmsed, is a neetb store
energy for later usevhich has led to the developmentokrgy storage technologiey.
Thus, energy storage devices have gained global relevahese devices store energy
for later usedeliver energy and reduce the imbalance between energy demand and supply.

They include batteries, supercapacitors, and supercappertteries, which have different



conversion mechanisms and are groupegeétheias éectrochemical energy storage (EES)

deviceq3-5].

1.2. Introduction to Electrochemical Energy Storage Devices

Electrochemicalenergy storage (EES) deviceare devices thastore electrical
energy throug chemical process. Hy include batteries, fuel cells, and supercapacitors,
which have different conversion mechanisi@ks Thepurposeof energy storag is to
devise a system that allows for the storage of electricity during lean hdokg ebst
with optimum energy deliveryAmong the various devicesupercapacitorfias shown
to provide high power in a short period of time due to their fast rateesfjg storage and
releasd6], their long cycling stability is another advag¢aFurthermore, ashown in
Figure 1.2, EES devices compssef positive electrode, negative electrode, and

electrolyte separator. These elements are arranged in a cell in a variety of ways.

N

) @ a

Separator membrane
(Porous or ion conducting)
A

Positrode
current collector

Positrode =
Positive electrode

Negatrode
current collector

Negatrode =
Negative electrode

Negatrode active Positrode active

material + negalyte

Negalyte = Electrolyte
for negative electrode

material + posilyte

Posilyte = Electrolyte
for positive electrode

. 8

Figure 1.2.Representation of electrochemical energy storage d@djice

The electrode is the main part of the EleSice,and it ismadeup of carbonbased
materials.Over the years, carbon materials commonly used include activated carbon
(AC), carbon fibrecloth (AFC), carbidederived carbon (CDC|3], graphite, graphene

[7], carbon nanotubes (CNTEJ] and carbon nanofibers (CNI9]. Most of these



materials are made from noanewable resourcésoal,pitch, and petroleum cokeand
the methods for producing these materials are expensivelves theuse of toxic
chemicals that are not environmentally friend4]. Furthermore their associated
technologies are highly sophisticated, expensive in termsosf, and contribute to
environmental challenges in terms of pollution and carbon emigdi0hg herefore, the
electrode material industry is currently leading researcprmticalsolutions to sustain
energy storagdeviceswhile reducingenvironmental pollutionTo address these carbon
demands at the moment, biomass been identified as a carbach sourcedueto its
abundant sources, diverse compositions, potential low cost and fast regerjédgtion
Thesefastregeneratablenaterias has shown promising results as alternative electrode
materialg12, 13]

Therefore, his researcfocuses on producingarborelectrodeactivematerialfrom
biomasswith the ability to satisfy both energy and environmental sustainability

requirementsvhile improving thecarbonperformancdor supercapacitor application

1.3. Introduction to BiomassCarbon

Biomass carbomre carbonmaterialsderived frombiomass.They contain more
carbon and lessxygen, hydrogen, nitrogen as well@sgtassium, calcium, sodium, and
other mineral speciefl4]. They are sourced from plants, animals, carbohydrates,
cellulose, protein, and amino dsi Most biomass carbons are obtained from biomass
sources, typically 2040 % of dry lignocellulosic biomag$$5, 16] Biomass carbon has
the potential to be a sustainable product baseits@vailability from different sources
that could be generated within a short time (fast maturity cycle) compared to foksil fue
derivatives which take years to accumulatg 18]

Biomass carbon has attractesbearchinterest due to its characteristics such as

notable structural changes, diversified natural heteroafd®@p strong adsorption
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capacity[20, 21] large specific surface araaddistinctive pore structur@?2], abundant
surface functional groupg3], when subjected to varioyzocessconditions. These
advantages make it functional mumerous applications such s aatalysis [24],
environmental polition and energy storage fiel[#5, 26]

It is based omhese diverse applicatiof biomass carbqrsustainability andfast
renewability (short maturity cycle)f its precursors, thaMoso bamboo shoots and

Radishare selected to produce biomass caiibdhis research

1.4. Introduction to Production of BiomassCarbon

Over the years,anvesion of biomass intadunctional carbon(porous carbon or
activated carbornaterialfor useful applicationbkas been a costly and enetigtensive
process This is because the procassivol ves mul ti pl e stages
[27], pyrolysis[28], hydrothermal andctivation carbonisatiorand activatiorj29, 30}
and other templating strategias shown in Figure 1.3However, the process of first
obtaining biochar from biomass, followbsg the biochar activation with chemicals such
as ZnCj, KOH [31] or removal of templates results in carbon that falls s¥fats target
applications especiallgupercapacitor applicationdotably, KOH fas beerthe mostly
used reagent for activation of biochhecausethat the reactions proceed from0 0 e C
and thereaction mechanism for KOH and carbasheen established32]. Though the

low melting pointof KOH could be an advantage compared to other reagents.
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Figure 1.3.(a) Schematic of biomass with multiple thermal phasexl (b)different
activation of biomas# functional porous carbdB3].

Recently, molten salt carbonisation and activa{iptfsCA) has shownto be a
promisingaltemative This processcombines carbosation and activation of biomass to
functional porous carbon in a singdeage thermal process in the presence of salt ions.
The procesalsousesons to alter the reaction mechanism for biomass convengiarh
affectstheproperties of derivedarbon interms of its morphologyorosity,and graphit
structure [34-36]. With advancement ifMSCA researchtwo approachedas been
identified agnixing and immersiof36]. The mixing route has become maneromising

route due to thetraightforward applicationoompared witltheimmersionroute



MSCA process requires ion mobility to achieve efficient interaction between
biomass compmentswhich resuls to theuse ofsubstantial amountsf salt[21, 37, 38]
which increases the operational £oslso, theuseof considerable amountsf salt in
MSCA (high salt to biomass ratio) increases the energy consumption for melting the salt
(especiallyhigh meltingpoint salt§ and prolongs the duration of the proce3fese
challenges undermine the et@ndly nature of MSCA for carbon production in energy
storage applications.

Therefore this researchexplores a solutioncalled molten basearbonisation and
activation (MBCA). The processisesminimal amounts ofow melting pointalkali with
wet biomass sourceto obtainporouscarbon thatcould be used as electrodetive
material This processs efficient, inexpensive, sustainable andequireslow energy

consumptiorto producdunctional carborirom biomass

15. Motivation for this research
The motivation of this research isuselow-resource biomassaterialso produce
high-value, functional carbon materials for wide industagbplications using a low
temperatursingle stagethermal process
1 The novel molten base carbonisation and activdtidBCA) conceptwith wet
biomass used in thisesearch hasiot been previaly reported. Ituses
inexpensiveand sustainablbiomass precursomsith fast maturitycycle Also,
the wet biomassis used directlywith minimal amount of reagerfpotassium
hydroxide)to produceporouscarbon through an optimized singitagethermal
stage process (oxpot synthesis).
1 MBCA reduces the existing process of carbonisation and thereafter activation to
a singlestage thermal processThrough depolymerization of the biomass

components (lignin, hemicellulose, cellulose, carbohydrateproteing,
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decomposition of biomass monomers by cleavagilition dehydration,
decarboxylation, and recombination of react¥especies at room temperature
beforedrying, then carbonisation at elevated temperato&sn porous carbon.

1 To reduce the energy consumptioeededfor biomass conversion to porous
carbon either through temperature or residence fif@ading to resource
optimization and energy sustainability.

1 Finally, this research tends to mitigate the environmental impact of natural
decomposition of biomass sources through single thermochemical conversion

process to valuable and sustainable resources anahagerials.

16. Aim and Obijectives

The aim of this research is to investigate molten base cadbiom and activation
(MBCA) for convesion of biomass into functional carbon through a single thermal
proces, and to use the resulting functional cartasian alternativelectrodeactive
material for elecichemicaldoublelayer EDL) capacitors

This will be achievedhroughthe following pathways:

1 To understand thgrocessof molten base carbonisation and activation using
differentwetbiomass sourcgtignocellulosicand nonrlignocellulosic) The roleof
ionsand various ion type&ations)duringthe carbonisation and Bitu activation
of biomass to porous carbon.

1 To investiga¢ the procesgparametersbiomass to reagent ratio, temperatane
residenceime for the molten base carbonisation and activation procesifferent
biomass sources (lignocellulosic and fignocellulosic)

1 To charactese the various derived carbon in terms of ttermal stability,
elementalcomposition morphology,textural structural, conductivityand surface

functional properties.



1 To examine the electrochemicperformanceof the produced carbon as electrode
activematerial in an eleatichemicaldoublelayer capacitor (ED).capacitor and
its performanceametrics such as capacitance, cycling stability, specific energy,
specific power, athequivalent series resistance

1 To conduct a comparative analysishath biomass sources, reactor desigrtter
biomass with better performandévaluate the materiddalance energy balance,
and cost analysis of tmovelMBCA approactproposedn this researchompared
to existing conventional carbonisation and activation approattbiomassto

porous carbon.

1.7. Thesis Structure

This thesishaseight (8)chaptersvhich summarises the reseaadnducted

The background of th&tudy of sustainable energy and the environment is provided
in Chapter 1. A introduction toEES device, components of EES devicdsiomass
carbonand how biomass carb@mproduceds revealedIt alsohasinformation about the
research motivation, airmd objectives.

Chapter Zyivesan overview of biomass, its makeup, methods to cofmenass
into porous carbon. A review of biomass's recent carbonization and activation in molten
salt is explained. A description of the novel approach used in the alsmlyncludes
recent updates in biomadsrived carbon as EDtapacitorelectrode materials. EDL
capacitorconfiguration, EDLcapacitormechanism, and evaluation of ER&pacitorcell
performance. Thbiomassmaterials and reagents used in thsearctare also presented.

Chapter 3xplainsresearch approachxperimem procedures and techniquesed
for the research, including the equipment used to chargectka biomass precursors and

derivedcarbon The biomass preparation, molten base carbonisation and activation of



biomass and charactsation of produced carbon samples. Procedure for symmiletric
two-electrode coin cells and electrochemical techniques focleatiacterisations

The results and discussions of major findings from this research are presented in
chapters 4 td@.

Chapter 4 presentbe design and experimentationroblten base claonisation
and activation for biomass to porous carbon. Bioenass precursors propertiddqso
bamboo shoots arf@adish. Role of cations in molten base carbonisation and activation
using Moso bamboo shootdolten base carbonisation aactivation for Moso bamboo
shoots and Radisind proposed process mechanism.

Chapter Jevealgemperaturand residernetimeof molten base carbonisation and
activationprocesaisingMoso bamboashootsto porous carboand itselectrochemical
performance.

Chapter 6 givestemperature and residence time resultis molten base
carbonisation and activation process usRaglish(nonlignin rich) to porous carboand
its electrochemical performance.

Chapter 7 reveals the comparatiy@rformance analysis of molten base
carbonisation and activation of Moso bamboo shoots and Radish derived &abed.
on the electrochemical performanceMdso bamboo shogtsemonstratiorof MBCA
using differentreactor designsvith Moso bamboo shootand its electrochemical
performance irmnorganic electrolytés revealedAlso, the material energybalance and
cost analysisof the novel approachised in this researcbompared to theexisting
conventional approadl presented

Summary of the signi@iant insightsaanddirectionson the major findings from this
research is presented in Cha@eAdditionally, future workto further develop some of

the findings in this studgre listed



CHAPTER 2: LITERATURE REVIEW

Findings from this chapter, ipart, were disseminated in an original research paper
Ishioma Egun, Haiyong He, Di Hu, and George Z. Chen (20Zf@jlolten Salt
Carbonisation and Acti vat i odv. SodtaindblieBystass t C

DOI: 10.1002/adsu.202200294.

2.1 Introduction

This chaptempresents biomassompositionand conversion technique® porous
carbon. Molten salt carbonisation and activation of biomass to porous carbon with its
approaches, benefits, and challenges. Furtherrttoeenovel method for this research is
explainedhere Themechanism oain EDL capacitoy EDL capacitor configuratignand
performancametricsfor an EDL capacitorcell are presentecCurrent developmenisf
biomasderived carboms EDLcapacitorelectrale materialsSelectedbiomass sources

and reagents for this research are also presented

2.2 Biomass

Biomass is a term for all organic material from plants and agricultoaatrials
(including vegetable and animal substances), forestry, and biodegradable parts of
industrial and household wad®9, 40] Presently, biomass resoescmake up around
10 % ofglobalenergy supply, of which 66 % is used for domestic heating and cooking
in underdeveloped nationgll, 42] From Figure 2.1biomass can beategorized into
five groups: agricultural residues, animal residues, industrial waste, human waste
(municipal solid waste), and aquatic wa$i®, 43] Also, using a simple method,
researchers have categorized ddtilbiomass kindsas manures, aquatic plants,
herbaceous plants, and woody plaktstbaceous plants can be classified as having high

or low moisture levels. Apart from specific applications or needs, the majority of
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commercial activity has been focusedwmnody plants, herbaceous plants, and reduced
moisture content varietie$l4, 39] Most wood biomass sources take yefs its
maturity, which limits their availability and sustainability. Therefore, there is a need to

investigate other plant biomass sources with faster maturity rates.

Industrial
waste

F

Figure 2.1.Biomass types and their associated sources
2.2.1. Plant Biomass

Plantbasedbiomass arematerialsthat havecelluloses, hemicelluloses, lignin,
minor acids, proteins, as well amsinerals Plant basedbiomass has been broadly
categorized into two namely lignocellulose and Hignocellulose biomas§4]. The
primary compsition of lignocellulosic biomass are polysaccharides (cellulose and
hemicelluloses) and higharomatic polymeflignin componentas shown in Figure 2.2
while the norlignocellulosic are those with low lignin contgd6]. Over the yearghe
focusfrom numerous work hdseenon lignocellulosic materials to produce carlpé@).

The basis for lignocellulosic matals is their rich carbon conteaspecially from lignin

contribution but the abundanceof nonlignocellulosic plant biomassesposes

11



environmental pollution if not properly managécerefore, arefficient inexpensive

conversiortechnique will be an advéagefor nonlignocellulosic
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Figure 2.2.Major components of plant biomag].

Notably, \arious plant biomass sourcéss been reported to hawbfferent
composition ratios for cellulose, hemicelluloses and liga8]. Some planbiomasses
may not contain all these basic components but couli@icocelluloseor carbohydrates
and minerals in form of proteingjtamins, and metalsthese groupsre called non

lignocellulosic biomasp9].

2.3 Biomassderived Carbon and its ConversionProcesses

Biomassderived Carbon also known as Biochar are carbon materials that are
produced from biomass. Biomass Carbon originating from biomass is typicady 26
of dry lignocellulosic biomasfL5, 16] The conversion of biomass into carbon with a
high carbon conter{greater than 70 %3 importantfor diversetargeted application$n
order to convert biomass into carbon, it must first undergo heat interaction in a controlled,
inert environment (oxygedeficient) that modifies its physical and chemical properties
[50]. The various heat processeasclude pyrolysis, hydrothermal carbonisation and

activation, and molten salt carbonisation and activation (MSCA).
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2.3.1. Pyrolysis

Pyrolysisprocesds a straightforward conversion route for biomass to biochar.
The pyrolysis of biomass to biochar occur
where moisture, volatiles, and most of the 4gcarbon heter@lements in biomass
(oxygen, hydrogen, nitrogema sulfur) are removed with the resultant charred material
having a high carbon contejd0, 51] During pyrolysis, the gses emitted includéHa,
H2, CO and CQ [52], these gases can be used for other purposes, contributing to the
current trend of reducing carbon emissions. Depending on the operating conditions
(temperature, residence time, and particle size), the biomass undergoes different reactions
during pyrolysis[16]. Temperature and residence tiarecritical process parameters in
biomass pyrolysis researchhese variables may have an impact on the biomass product
distribution. Temperature influences the struct@® well as the SSAnd contents of
heteroatoms (e.g., N, P, O, S) that are naturalrdepathe produced porous car6a].
Though the micro and internal structures and composition of the char also vary in line
with the complex components of the biomass so{bde 55] the temperature of the
process has a significant impact on its y{@@]. The fundamental chemical reaction for
pyrolysis of lignocellulosic biomass is complex and consists of several steps leading to
end products such as biochar, biooil, and gases.

There are three major stages in the reaction mechanisms of biomass piBa@lysis

Bi o mass +nrésetedaasidue (R1)

Unreacted e s i d u e Y+ Gases)l €Char)l e (R2)

(Char)1Y (Vol+gharke + Gases|R3)

The char produced by the aforementiomedctionsis known as biochar, but needs

additional processing to bemeuseful since it lacks the ideal porous structuredange
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SSA are required for particular applicatidd$, 58] The drawback forthe biochar to
better functional carbdied to further research suttydrothermakarbonisationvith the
goal toobtain biochar with superior qualities withirshot residencehe time andwvith

less energyequirement

2.3.2Hydrothermal Carbonisation

Hydrothermal carbonisation (HTC) of biomass involves contacting the raw
feedstock with hot, pressurized wat&he processs carried out at low temperatures
bet ween 250 and 350 eC with a reaction tim
Through eactions such as hydrolysis, dehydration, and decarboxylation, gaseous and
watersoluble products, and solid char are produUé&&d. HTC accommodates a broad
range of feedstocks including wetefistock sources e.g sugar cane bagge and
lignin [61]. The benefit of this method over pyrolysis, which employs dried stock, is that
it uses wet biomass, saving oretlnergy costs associated with dryirtpwever, he
pressured environment for the process is a significant obstaclegbdsspecialized
process equipment, making it more expensive than traditional pyroNsmigh its
residencetime is shorter, research has demonstrated tlsatesidence time is also
influenced by théviocharapplication[62, 63] The biochawobtained fromHTC is better
than that obtained from pyrolysis y&iffers from low porosity an8SA. Thereforeit
requires further activation which negates the green advantage of the process (especially

for large surface area carbon applications).

2.4. Biochar activation to functional (porous) carbon

The limitations of pyrolysis and hydrothermal carbonisatiowardsobtaining a
functional biocarborted to the development afctivation strategies to upgrade biochar
to porous carbonTwo activation strategieemployedare physical carbonisation and

activation and chemicalarbonisation and activatioifhey are used to improwarbon
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functionalties [64, 65] The properties of interest include structural features, SSA, pore
structure, and surface functional groups, the presence of these catalytialsrafiects

the reactivity of carbon toward other materials. These different properties affecting the
reactivity can be grouped into three categories: 1) The char textural properties related to
the char porosity and pore size distribution; 2) The chactstral properties related to

the char carbonaceous structure and graphitisation (ordering); 3) The char chemical
properties related to the surface functional groups as well as the catalytic mineral species
[66]. Achieving these properties from biomass with a feasible and sustainable route will

be advantageous to carbon research.

2.4.1Physical carbonisation and activation

The termphysical activation used in the literatusders to bottcarbonisation and
activation. The first step is to pyrolyze and carbonize raw biomass in an inert atmosphere
at t emper at u rirethis plasel tlewnajarity,0f nog dhevolatile matter is
eliminated, leaving char or biochar withsggnificantly greater carbon conterithe
bi ochar is then treated or activated at
oxidizing gases such as carbon dioxide, steam, air, or their mixtures to produce carbon
with a high SSA, variable pore sizedavolume, chemical inertness, and stabjlity, 67]
The activation step leads to the formation of carmith various functionalities, most
notably an increased SSA of up to 1000gM[33, 68] It is worth noting that these two
steps involve not only physical changes but also thermochemictibres although the
term physical activation seems to have been historically misused. Also, the two steps can
proceed consecutively in the same reaction vessel, for example, a fixed or packed bed
reactor{68]. Neverthelesso monitor the process, specifically on a large scale, complex
process equipment and utilities would be needed, which would certainly increase

production costs.
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2.4.2 Chemical carbonisation and activation

Chemical activation, like physical activation, refers to both carbonisation and
activation in a single step at temperatur
mixed with activating agents such as KOM§OH, NaCOs, MgCl, HsPQi, and ZnCl
before thermal treatmef@4]. Chemical activation has several advantages over physical
activation, including shorter activation times, higher carbon yields, larger porosities, and
SSA|[12]. Chemical activation with KOH, NaOH, and other hydroxides is a common
method for preparing porous carbon materials with a rich porous structure, particularly
micropores[69]. Converting walnut shells to carbon, a comparison of physical and
chemical activation was reported. The results revealed a significant increase in SSA from
just under 700 gt via COp activation to approximately 2300°my via KOH activation
[70]. Carbon functionality from chemical activation appears to be highly dependent on
the precursor biomass. KGattivated plum stone was shown to have an ultrahigh SSA
of over 3200 rag* [71]. One of the disadvantages of this process is the use of harsh and
corrosive chemicals, as most of these chemicals have been used in a minimum ratio of
1:3 or 1:4 for bchar to salt to obtain desired propertjig4]. These chemicals, if not
handled properly, cause corrosion of the reacfdso, usingacids (HCI, HNQ) to clean
the carbon from this process may alter its structure and functionality, increasing
production costs for industrial applications.

Despite the use of various materials for the process, the concept of physical and
chemical activabn has been misrepresented over the years from the standpoint of
activation strategieS.he carbon structure and texture are affected by chemical reactions
that occur during the activation reactions of both methods at comparable temperatures
On the othehand, chemical activation has been demonstrated to result in better textural

carbon characteristics, howeuis depend®n the biomass sourc&he reactivity of
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metals in chemicals used and carbon is a major factor, especially &miggratures for
potassium and carbon. These metals are not present in physical activator materials (steam,

CO), which could cause large SSA and pore structure reactions.

2.5. Molten Salt Carbonisation and Activation (MSCA)

Molten salt carbonisation andtavation (MSCA) is the most recent advancement
in carbonisation technology; it is unique because of its multifunction and includes some
diverse technologies like electrochemistry, heat transfer, chemical oxidation/reduction
baths, and nuclear reactors.| Ahese technologies are linked by thmiversal
characteristicsof molten salts: can function as solventgve chemical catalytic
propertieshave good heat transfer characteristics (heat capacity), function as a fluid (like
water),reachremarkably elev&d temperaturesnd can conduct electricify2].

In MSCA, carbonisation and activation of biomass occur concurrently in molten
salt, as does chemical activatiarducingenergy consumptionfThe main difference
between chemical activation and molten salt carbonization and activation (MSCA) is that
molten salts cafunction as (1) catalyst to accelerate the biom&ssarbon conversion,

(2) a physical barrier to prevent direct contact and hence reactions between the carbon
and the atmosphere, and (3) a fluid career for mass transfer, i.e., both the biomass
reactats and the carbon product, that is crucial in designing a continuous process.

In MSCA, the biomass breakdown into gas, liquid, and carbon material using
molten salt.Most inorganic salts are ionic crystals at ambient temperature, but when
heated past tiremelting points, they become the corresponding ionic liquids, or molten
salts.Molten salts commonly consist of alkali and alkaline earth metal cations and halide,
silicate, carbonate, hydroxide, and phosphate afftdn§2] These salts are used largely

owing to their availability and low cosf§4].
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The benefits of molten salts include a widmperature range of operation, strong
thermal stability, low vapour pressure, high heapacity, low viscosity, and good
solubility for a variety of contaminantBecause of these characteristics, molten salts are
good reaction media for carbonizing and activating biomass because they enable doping
of the carbon produced during this procg&3 74] Molten salts can serve as a pore
forming agent to prepare porous carbon compounds in addition to serving as a catalyst
during carbonisation. Molten salts can also efficiently spread and quickly heat the
biomass (particles) since they are a liqguid medium with a high thermal conductivity,
which helpsthe catalytic conversion procef&3, 7578]. Also, molten salts uses its
catalytic properties to promoteow-temperature reactions and thus lower activation
energies for breaking and liquefying biomass moledid4s58] It's interesting to note
that the use of molten salts as catalysts for hydrocraakingomass (molten salt
catalytic carbonization) began in the 19808], however the research has not followed
a consigent trend.

A feasible hypothesis that can account for the catalytic role of molten salts is that
the physical changes and chemical reactions occurring during carbonization and
activation are mostly either endar exothermic processes. This means thajpathways
that can increase the heat supply to or remove from the individual processes will
accelerate or catalyze the overall process. This is exactly how molten salts can function
ideally because they are highly efficient heat conductors. This uniguaahproperty
of molten salts results from their almost pure ionic nature, liquid state, and high
temperature. In other words, within molten salt, because of the high mobility of ions, heat
transfer can proceed via all three pathways, namely radiatioducton, and convection.

The benefits of high heat conductivity are particularly important in terms of localized

heat transfer near the reaction sites on the biomass and biochar (particles).
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The ions in moltersaltsaid in preserving the nanostructure of the carbonaceous
material obtainedThe ions also act as structutieecting agents or modifiers to modify
the physicochemical composition and microstructure of carbon ma{80a82]. This is
related to the material's reactivity as the process progresses and the diffusion of ions
across its componentMoreover, the ionfiasten the breakdown of chemical bonds in
biomass precursors aleesan impact on the surfaéenctional group ofcarbon angi21].
Furthermore, the salt's temperatuméuencesthe mobility of ions and, consequently, the
energy of collision$83]. This occursvhen the salt is above its meltipgint, therefore
low melting point salts will be required reduce the energy requirement for the pracess
Theability to synthesize functional carbon in a single steysjtim activation, and
the inclusion of desired functional groups in the carbon product are three key advantages
of MSCA over other carbonisation techniques that call forcarbonisation and
activation Comparative analysis of MSCi# existingused techniqueis shown Table

2.1
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Table 2.1.Processes used to carbonize biomass to functiambbn.

Process Routes

Advantages

Disadvantages

Carbon Properties

Traditional Pyrolysis/

High carbon yield greater than 20% of feed in34{.
High temperature <800 0 0 0 e C.
Easy recovery of samples

Mature process equipment and operating condition

various biomass.

Carbon is not activated.
Long residence time (3 to 24 h).

Multiple process steps.

Low SSA.
Carbon is mesoporous.
Highly disordered Not Graphiti

Not doped with atoms.

Hydrothermal High carbon yield85]. Carbon is not activated and requi Low SSA[12].
Low temperature (1503 5 0 [86]C) further activation. Little micropores and large

Easy sample recovery. Long residence time mesopores.

Mature proces equipment and operating conditions (6 h)[87]. Not Graphitic.
various biomass. Doped with heteroatoms (if
added during the process).

Molten Salt Single thermal process, Salt recyclability challenge. Large SSA88].

Carbonisation

Activation

fast heating rate,

short residence time

Lack of mature operating conditio

for various biomasses.

Abundant microporef38].

Graphitic in nature.
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(1-2 h) [58].
In situ activation of carbon samplgss].
Doping of heteroatoms (N, P, S) to carbon from s;
or salt mixture$89, 90]
Salt's low melting point causes le@mperature
activation of carbon sampl§&4].
Low energy conservatigid8].
Watersoluble salts can be used for the treatment
precursors to carbon and are washed ef&lly

The ability to dissolve inorganic materials from wal
biomass and prepare capacitive storage carbon mg

[42].

Equipment corrosion from the use
harsh salt§92].

Low carbon yield, but dependent

the salt mixture, temperature, ar

biomass precurs¢®3].

Doped with Heteroatoms arisi

from the salt used for the proce
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2.51.Molten Salt Carbonisationand Activation Approaches

The general trend of progress in research on biomass conversion to carbon has

not beenconsistent foMSCA, despite its many advantages. Though many researchers

use the generic name molten salt carboniz48dn 38, 94] A recent reviewhas shown

that MSCA has two approachkesn o w n

as t

he approaches

as

Ai mmer s i [B6h Briefypirt tikednixing route, the biomass is mixed with the salt

first in a designatratio at room temperature. Thebtainedmixture is then treated by

heating to andeptat a temperature above the melting point of the salt for a given time,

under a suitable atmosphere. In the immersion route, the saliaily melted, followed

by immersion of the biomass in the molten salt under a suitable condition. After a

designated time of heating, the sample and molten salt may be cooled together, or with a

proper design, the treated sample can be lifted out of the molten salt which isathen re

for the next sample treatment (washing with water).ditierencesn MSCA approacks

are shown irFigure 2.3

and Table 2.2

Table 2.2. Comparisons of molten salt carbonization and activation approaches

Parameter

Mixing route

Immersion route

Biomass feed

Pretreatment or

no pretreatment

No-pretreatment

State of salt

Solid

Molten

Temperature

Not fixed, graduallyincreaseg

to theset target

Fixed before biomass

introduction

time

Biomass to salt ratio [Dependent Fixed salt volume based on
reactor volume
Residence (reaction)(1 to 5h. 1to 2h.
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Figure 2.3. lllustration of (a) mixingroute, and (b) immersion route. (With TsTthe
temperature focarbonisatior{(T) is greater than salt melting point temperaturg T
2.5.1.1. Mixing Route

This route involves mixing the biomass and salt into a homogenous mixture before

heat treatment.Once placed in a furnace, the temperature of furnace is increased
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gradually beyond thesal® snelting pointto the set temperature forcarbonsation
(depending on biomass precursor) &egtfor the desired reaction time as illustrased
shown in Figure 3. (a). The biomass may or may not need a-tpeatment, e.g.
impregnation, and an allowed time for mixing the salt and biomass before heating in the
furnace to the desired temperature and residence time for the NIBCA4] The
reaction kinetics of theconversionprocessis promotedby the molten salt as the
temperature rised his processroute can be referred to as dalinperature dependent
because salt is used asatalyst to enhance the conversion and to improve the properties
of the carbon product but the salt changes forntiwhiefies the definition of a catalyst
Additionally, as temperature rises, it is possible for salts to change from their initial state
to one of intermediates or compounf®b, 96] creating room for researchers to
investigate if the initial state of salt is used as the catalyst or the new salt derivatives ar
responsible for the catalytic effect. There may be interactions between the salt and
biomass in the solid state befarentinuinginto a liquid phase at elevated temperatures

when carbonizatioproceeds ashown in Figure 2.4 for various biomass sources.
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and (b) Mixed LiCl and KCI with agaribiomass[94].

According to earlier research from 1992, the mixing route dates to the 19th
century when the pyrolysis of lignin was studied in the presence ob-A@lat 500,
550, an Ninegdénh@hemolE compounds were identified. Thar gield increased
with an increasing amount of salt, whilst the gas yield increased with an increase in the
residence timg79]. In 2012, mixtures of KHC®wi t h s ever al b-i omass
cellulose, xylose, glucose, starch, chitin, and sucrose) were studied in various mass ratios.
The result was 3D hierarchically porous carbon with a nanostructure of micro,, meso
and macropores with high SSA (1893 gt) atributedto the reaction of biomass with
KHCO:s at elevated temperaturf@8]. This suggests that salt ratio and temperature can
be used tachangethe morphology, pore structure, and pore size of carAtso, the
average size of the macropores and the SSA could be controlled by the variation of the

temperatureHowever, it has been noted that carbonate salts can be used as a reagent to
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change the chemical makeup of commercial activated carbon and inigrogpacitive
storage performand®1, 99]

To create carbon of porous structures with SSA up to 200§'nglucose was
employed as the model carbon precur3dre oxysalts (KAzOx), which are nonmetal
elements of H, B, C, N, P, S, and Cl in a mass ratio of 1:1:10, were dissolved in LiCl and
KCI before being added to the molten saléing a ball mill, it was pasble to combine
salts and biomass, and the resulting mixture was heated and kepgatf@0fve hours.

These oxysalts dissolved in molten LKCI exert a dominating influence on the pore
formation as well as the twdimensional growth of the carbof@9]. It provedthatadded
salttypesmay be combined with the base salt to create a complex salt combination that
was employed to increase the energetics of the redox reaction during the carbonisation.

Nanostructured graphene was prepared by mixing glucose with metal chloride
(LICI/KCI), heaing the mixture and keeping it at a temperature between 200 afi@ 800
for 5 hrs. The increase in temperature resulted in the evolution of diverse microstructures
in the produced carbon. Glucose to a salt ratio of 1:10 (by weight) at a temperature of 400
eC yielded a high carbon content with a 3C¢C
dispersity in water, in agreement with the presence of a large number of exygen
containing groupf©3]. The wlt accelerated the breakdown of carbohydrates in molecular
structures, resulting in nano poroeerbon with tunable pore sizEurthermorehighly
mesoporous carbons were prepared from glucose, cellulose, and lignin in eutectic mixture
of KCland ZnCtat 1000e C fshownth&t thérderivédtcarberafom glucose
with glucose to salt mass ratio of 1:6 exhibited a large SSA of 1297 'randa pore
volume of 2.727 crhg' ! dominated by a mesopore volume of 92.2 %. The carbon from

cellulose and lignin also showed high mesoporous proportions in the range of 63.2 to
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87.5 % and SSAs greater than 1000gh [20]. This means that the composition of
biomass precursors wilffectthe textural characteristics thfe derived carbon.

Crushed peanut shells mixed with Zp@l a ratio of 1:5 biomass, and heated to a
temperature of 200 °C for 30 min., then 480 °C for 90 min. The presence of salt increased
the biomass degradation rate. The obtained carbon had a large SSAPL§4P and
surface functional groups allowing drfefficient use in methylene blue adsorptjé4].

The derived carbopropertiesaredependentn saltto biomass ratio and the temperature

for carbonisation|f salt reacts with components below its melting point, it might be
interesting to investigate if specific compounds are produced. This is so because biomass
materials initially br e ahendhatngpoiiZzeG,is29n 150
e C.

The mixture of chitosan and Zng€in a mass ratio of 1:10 was used for the
preparation of nitrogedoped hierarchically porous carbon material in a temperature
range of 400 to 700 eC for 2 hrs. An opti
sample with a fijh SSA of 1582 hig'?, and high nitrogen content of 9.0 wtWith a
high carbon yield of 42 wt.% based on the weight of chit§@&h Temperature and the
biomassto-salt ratio haan impact on the yield of carbon and the characteristics of carbon,
including the SSA and pore size distributidine temperature and biomasssaltratio
affects the carbon yield and properties of carbon, such as the SSA and pore size
distribution. Thed e c | i ne i n shHowWAattlaete isshOplmug @mperature to
maximize carbon properties using the mixing route of MSCA. A model for temperature,
salt mixture, and biomass type will help determine optimum process conditions for

different biomassaurces using the mixing route of MSCA.
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ZnCl> was impregnatethto pinewood chips, banana peels, and pine leaves before
beingcarbonisecht 500 e C f or amofphobhsctivatesicarboms. The o d u c e
carbon samples had high SSAs and pore volumes for pinewood chips (1624nd
1.16 cnig?, respectively), banana peels (1160%grhand 0.81 crigt), and pine leaves
(1411.8 m g* and 1.10 crhg?).The carbon samples showed sizable methylene blue
adsorption capabilitie§34]. The inherent composition of biomass is related to the
variation in their relative SSAs and pore volumes. Tesult provesone benefit of
utilising the same salt for different biomass sources for functional carbon, but even
though the reaction conditions are the same, the characteristics of the carbon samples will
be affected by the structure and composition of the biomass.

In a study, tofu was comvted to carbon in a solution of LiCl and KCI to dilute
LiNOs3, which served as the activating agent based on the concept of black powder, which
is composed of charcoal, an oxidizer such as nitrate, and a stabilizer (sulfur) to allow for
a continuous reactn, to create porous carbon framework. A carbon with an SSA of 1202
m? g wasobtainedafter the carbonization process was completed agZ%6r 2 hours.

The reaction between the biomass precursor and 4 INPpened more quickly as the
temperature and LiNgconcentration increasedlso, when the carbon was consumed,

the pores grew and caused the thickness of the carbon wall to decrease asheell as t
diameter of the macroporf&9]. To increase the surface area and pore volume of carbon
while keeping its shape, certain oxidizers can be addatythe immersion MSCA
method. This suggests that specific salts and chlorides can aid in the maintenance of the
sheet shape of daon during carbonization.

In molten LICFKCI combination, agaric was transformed into thin carboeets.
Theratio of biomass to salt mass ranged from 1:10 to A6t a mass ratio of 1:30 and

a temperature of 800 C for three hours, the ideal carbon sample was pri@djidgidre
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salt would enhance the qualities of carbon, but too much salt would diminish its
functionality. Nonetheless, this resela showed that it was possible to recycle wasted
salt. One advantage of employing MSCA for carbon production is that the industrial
scaleup might incorporate recycling into the facility and lower production costs.

A hierarchical porous carbon resempglia honeycomistructure wa®btainedby
processing garlic seeds in KOH for two hours at 600 toe8@. Wi t h a mass r ;
between KOH and garlic seeds, #IDwas the ideal temperatufiéhe carbon has a large
SSA of 1417 rAg?! andaverage pore sized @44 nm[100]. The optimal temperature
for the full conversion of biomass to carbon in the presence of salt is indicated by the
temperature of 700 eC. Whihessamd biomassisowcei t i e
are affected by the sdlb-biomass ratio and heating temperature, it is possible to tune the
carbon's specific properties for a given application. Nevertheless, this depends on the
process variables.

LiCl, KCI, and ZnC} saltshas been used tproducecarbonwith significant SSAs
despite theise of differenbiomass sources. While ZnGs renowned for its dehydrating
properties, there haven't been any criteria for selecting these salts and their combination
up until now.Understanding how ion size, temperature, and biomass composition affect
reactivity and the process migditlin understandinghe synergistic action of these salts.
Mixing Route Reactions Mechanism

The mixing route's reaction process is comparable to the known carbonization of
biomasgepicted by reaction(®1-3), with the exception that salt is present, which causes
faster breakdown of biomass components as temperature rises. Figymeszbtsa
summary of this route's process and response. Prior to starting the main transformation,
the salcombineswith the biomass andtermittentchange®ccuras seeimn Figure 2.5(a)

because of the progressive temperaturetas&chieveactivatedcarbon If the original
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salt or new salt forms or compounds are involved in carbonization is still a mystery.
Researchers will gain more knowledge about the mixing roesion mechanism with

the solution to this query.
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Figure 25. (a) Schematic diagram foridmass transformation and (b) potential

carbonization reactions in a mixing pathwag)].

Like the recognized pyrolysis of biomass, the reactae@ctedin Figure 2.5(b)
shows the emission of gaseous products. Investigating the process's kinetics and
thermodynamics might be intriguin@s his will help in figuring out whether salt
composition and temperature have an impact on the reactivity of biomass components
and differentcarbonization reactiongviost existing study focused more on product
functions than process pathways.

Table 2.3givesexamples of carbon derived from various biomass sources using
the mixing rou¢. Fromtable 2.3 derivedcarbon samples from various biomass sources
were porous irrespective of salt type and temperature of carbonization which corroborates
one of the advantages of MSCA. While temperature for MSCA is a factor in the mixing

route, the ratio of biomass to salstizeen revealed to affect carbon properties irrespective
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of biomass precursoiThe application area for the carbon samples has been for the

adsorption of contaminants and energy storage.
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Table 2.3.Examples of biomass using the mixiryte of Molten saltarbonisatioto Functional Carbon

Biomass Salt Type [Temperature SBET Application Ref.
(e ¥/ Time (hrs.) |(m?g'Y)

Glucose LiCI/KCI 700/5.0 630 Adsorption of organics [93]

Agaric LiCI/KCI 800/ 3.0 748 Negative electrode lithium batte([94]

Banana peels, [ZnCh 500/1.5 1160 Methylene blue adsorption [34]

Tofu LiCI-KCI+ 700/ 2.0 1202 Supercapacitor [89]

LiINO3

pine leaves ZnCl> 500/1.5 1411 Methylene blue adsorption [34]

Garlic seeds KOH 700/2.0 1417 Supercapacitor [100]

Chitosan ZnCl> 600/ 2.0 1582 Supercapacitor [97]

Peanut shedl ZnCl> 200 /0.5 and 1642 Methylene blue adsorption [64]
480/ 1.5

Pinewood chips, [ZnCl> 500/ 1.5 1624 Methylene blue adsorption [34]

Biomass powder KHCOs 400/ 3.0 1893 Supercapacitor [98]
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2.5.1.2. Immersion Route

In the immersion route, molten salt is the reaction media and heat source for the
process. The salt is molten and set at the desired temperature for carbonization before the
introduction of the biomass as shownFigure 2.4(b). Dring the process in an inert
atmosphere, the catalytic capabilities of the salt are maximized in the molteindtate.
method, liquid salt is utilized to significantiycreasehe reactivity and reaction kinetics
of carbonaceous compourfd91]. The mixing approach and immersion route both yield
more gas than normal pyrolysis, particularly CO aaPH].

The immersion method was first employed in 1992 to pyrolyze two different types
of lignin using mixes of molten Zngand KCl at molar ratios of 3:7 and 7:6, respectively.
While a few gaseous produ@sereleased withncreasedemperature, regardless of the
type of lignin, the yield of phenolic compounds was measured. T@ddtming reaction
was partially slow, confined by the significanbutput of H.. As of the time of the
experiment, the greatest production of cresols from the solvolysis of lignin was achieved
at 600€C, which is 4.6 weight percent higher than any values publigt@®]. In a
different investigation, cellulose and rice stalks in six molten combinations/anying
contents at temper at ur eZnG-&Cl,\“eCe-KCI-€UH and
KCI-CuCl, KNOs-NaNOG-NaNQGs). The result showedhat altering the salt mixture
changed both the product yield and compound compositles resultexplainscatalytic
actions of the ions in the different salt mix@nCl, increased the biomass pyrolysis
output of bieoll to its highest leveMoreover hitrate salts produced negligible yields on
bio-oil, showingthat they are ineffective salts for the immersion MSCA of biom&ss.

FTIR analysis of the btoil produced by this process revedlthatcomplex organic
substancare generatedand that thebiomasssalt interaction influences the kind and

quantity of functional groups that are present in the finished pr¢t®@}.
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In 2015, experiments involving the molten salt pyrolysis of milled beech wasd
conductedvith particle sizes ranging from 0.5 to 2 mm. The experiments used a eutectic
mixture of fluoride, sodium, and potassium chloride salts (FLiNaK) andNaFKF and
carbonates equivalents (LiNalk)Ozat t emper atures between 45
maxi mum yield of 34.2 wt.% at 500 eC and
FLiNaK produced the most pyrolysis ll04]. Since temperature variation had no impact
on oil yield, the procedure was compared to the quick pyrolysis process. The presence of
COy ions was the reason why carbonate salts produced more gas than chloride salts.

Rice stalkto functional carborwas conducted witha ZnCh-KCl salt solution
heated to a temperature between 400 and
functional carbon. Foboth carbonization with and without molten salt, ZRKCI| may
significantly enhance the solid, raising it from 30.5% to 65.78h Temperature, weight
ratio of carbon precursor to molten salt, and activation time are the three main variables
thatalterthe properties of carbonlotably, theeutectic ZnGI-KCI mixture for pyrolysis
may result in the largest synthesis of carbon anddjqaving the way for salt mixture
ratio optimization.

Bamboo shells werearbonsed for 1 hour at 85G&C in molten NaCQs-K2COs
using a nickel mesh basketrtold the biomassCarbonkeptits biomasgrecursoshape
during and after the proces3he maintained shape of the generatadbonsuggested
that salt ions only diffused into the bamboo sandjpieng theprocessThecarbon had a
pore volume of 0.43 chg?, an SSA of 843 Ay, and was partially graphit{85]. The
research showed that trace metals from biomass precusold beeliminated, the
method could be a quick and efficient way to turn waste biomass into materials with

added value, especially for briquettes, which need to have a specific form as the final
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product. The nickel mesh basket wesdas a tool for carborecowery; thus,it should
be highlighted that its impact on the process was not examined.

Boiled coffee beans, @ammonwaste biomass, were successfulfyrbonsed for
1.5 hours in molten N&0O3-KoCOz; and molten CaGl CaCh has a great affinity for
moisture, making it a powerful desiccamespite anhydrousCaChb is employed,
hydrolysis of CaClis still significant and the hydrolysis produdts,,Ca (OH). and HCI
tend to dissolve@a OH).) in or become released (HCI) from the meNoreover, the
produced Ca(OH)easily breaks down into CaO and@[21]. Carbon samples from
molten chloride had higher SSA of 556 gt compared to 436 fig for carbonatesit
had a less organized microstructamed had more oxygensurface functional groups.
when compared to thaif carbonatedsalt. This is one of thadvantageof MSCA
maintaining certain functional groups on the carbon surface and microstructure
modification[105, 106] This attestdto the fact that anion and cation of salt melt will
affect the carbon properties despite using the same biomass precursor, giving rise to the
search for the mechanism of the reactidrbiomass for various salt melts. An insight
that the properties of carbon samples can be tuned with salt type and heating temperature
using the immersion route is interestifidhe difference in temperature for comparing
both salts could be a factor tlzatuld affect carbon properties, as research has shown that
temperature is a key factor in biomass carbonisaiamitical investigation using the
same process condition shoulddmnductedthoughdifferences in the melting point of
various salts will b@ challenge to achieving that.

Different Chinese firwood feeds of powder (L = 0.09 mm), small (L = 1.0 cm) and
large (L = 2.0 cm) woodblocks were treated in the molten eutectic mixturexGiya
K2COsz a t 8 50 e Grewoadrsamplesvere protected with nickel foam when

immersed inmoltensalt. The work revealed that the salt could help thpregared
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carbons tkeepthe shapes of the precursors, irrespective of the sizesreBuikshows

that the conversion procesavolves solidto-sdid and solidto-gas conversions.
Decreasing the size of the raw materials from 2 to 0.09 cm, the SSA of the resultant
carbons increased from 215 to 818grt, and the specific pore volume increased from
0.10 to 0.44 crhg' ! [80]. This reflects that the immersion route of MSCA is a diffusion
controlled process. As the biomass and salt ions interagtfatshigh temperature there

is a release of volatile materials. The increased salt and biomass contact for smaller
particles enhances a faster release.

In 2019, carbonization of soybean straw in molten KOH was reporidud
soybean straw was compressed into tablets, wrapped in nickel foam, and heated for one
hour at 80GC in the KOH melt. The resulting porous carbon had a distinct bekkéve
structure, with SSAf up to 1615 rag?, and displayedraphitic structure§d8]. The
remarkable fluidity of molten salt resulting from its melting point was thought to be
responsible for the carbon characteristics.

This early attempt at KOH might be related to its lowlting point of 366C and
reactivity, the low melting point of salt will lower tlzenount ofenergyneededo make
the salt molten. It is necessaryingestigatehe vigorous bubbling seen after immersion,
which is depicted in Figure 2.6(A), to see ifsita tendency seen with other forms of salt
or unique to KOH. This is to discover whether the bubbling would produce gases, as these
gases may either be beneficial for pore creation or could change the carbon's
characteristicsThe physicochemical activah, expansion of the carbon lattice, and
further increase of the surface area and porosity of the carbon materials were all caused
by the intercalation of Kions into the biomass components during the process.
Researchhasshownthat the immersion techmuie employing molten KOH produces

porous carbon within a short residence time, and this method merits further study.
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Figure 2 6. lllustration of biomass evolution in molten KOKWY), SEM pictures of carbon
samples (a and b), andtigenadsorptionrdesorption isotherms of the produced carbon
materials (c) following pyrolysis of soybean straw in KOH molten salt ate80for 1
hour. The carbon pore size distribution is shown in (inset)in TGA and DTA curves
(d) (www.tandfonline.com[88].

Undoubtedly, using KOH in the immersion route of MSCA would be an
advantage for short residence time. However, various volatile gasegeaeeated
because of the reaction between KOH and carbon at elevated temperatures. These volatile
gases, includingnetal K {apou), CO, CQ, Hz, and RO lead to the formation of

abundant micropores but threadetie safety of the reactor because of the strong
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corrosiveness of metal potassium (K). Therefore, less corrosive resdts further
investigationusing the immersion route toward industrialization.
Immersion RouteReaction Mechanism

In the immersing route, the biomass and the molten salt are in doetct,
forming dynamic solid/liquid interfaces. The salt diffuses into the biomass structure while
different reactions occur at the high working temperd@8e107] Figure 2.7shows the
schematic representation mdactionsin the immersion route. These reactions form a
closed cycle but are experimentally difficult to separate because they areakiynéist,
as evidenced by the observed bubbling effect during the biomass pyrolysis in molten

KOH, and at least some of which occur simultaneo|j&8y 107]

BIOCHAR
{

e 1
rboxylation

co

'

CH,, H,

Figure 2.7. lllustration of potential responses along the immersion route

A mechanism using carbonates salts and biohmesbeeproposed as given in equations
(2.17 2.6). The reactions using other types of sdlt be quite interesting to investigate

with the relevant thermodynamic properties to understand the reactions better.
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Where M is anetal,either lithium, sodium, or potassium.

Examples of carbon obtained from various biomasses using the immersion route
have shown high SSA and used for various applications as summarized in Table 2.4.
From Table 2.4, KOH salt is seen to yield a carbon with the highest SSA offf@i5
[12] compared to other salts which have been reported for the immersion route using a
similar temperature range. Thissultshowsthe effectiveness of KOH as widely used for
biochar activation. The residence time ¢arbongationis short compared to the mixing
approach (Table 2.3howingthe reaction and activation in KOH are rapid processes.
The carbon from the immersion route dapable of capacitive charge storage and has
been employed mostly in electrochemical supercapacitors. More application areas for this
porous carbon neddrther investigatiorsuch as wastewater treatment, air purification,

hydrogen storage, gas sepanatiand heterogeneous catalysis.
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Table 2.4.Examples of the immersion method of molten salt carbonisation for converting biomass to carbon

Biomass Salt Type Temper at u|Sger Application Ref.
/ Time (hrs.) (m?g'Y)

Peanut Shell |NaCOs- K.COs 850/ 1.0 408 Supercapacitor [42]
Boiled coffee  |[N&COs- K2COz 800/ 1.5 436 Supercapacitor [21]
beans Electrocatalytic Activity

Oxygen Reduction
Boiled coffee  |CaCb 850 /1.5 550 Supercapacitor [21]
beans Electrocatalytic Activity

Oxygen Reduction
Chinese firwoodNaCOs- K.COs 850 /1.0 3818 Supercapacitor [80]
Bamboo shells NaCOs- K.COs [850 /1.0 843 Supercapacitor [35]
Soybean Straw KOH 800/1.0 1615 Supercapacitor [88]
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2.5.2.Benefits ofMolten Salt Carbonisation and Activation

MSCA of biomass material occurs in a singtage thermal process leading to a
functional carbon. This process reduces the multistage process of existing methods that
produce char before char activation. In this procedure, the synthesis does not involve
harmful substances, and the salt can be easily removed and recycled (depending on the
salt type). Also, there is no need to purify carbon samples derived from excess chemicals
as the salts involved are wataluble; this could drastically reduce the productost
of carbon materials. These beneftsow MSCA processis a greensustainableand

scalable process.

2.5.3.Challengesof Molten Salt Carbonisation and Activation

Despite the benefits and advantages that salt carbonisation and molten salt
carbonisation offer, there are some challengescoébeanchigh amounbf saltused for
the procesfficient salt recoverynonsoluble)system after the process. Purificatmin
samples with nonwvatersoluble salt is not easily achievable @mdelevated temperature
for single salt with a high melting point temperature is a challenge
2.54.Researchgaps

Till now, the detailed mechanisms of both the mixing and immersion same biomass
precursor at various operating conditions (salt mixtures, temperature, and residence time)
are yet to be investigated. This gives room for researchers to investigate if both
approaches with the same biomass precursor, temperature, residence time and salt
mixture will yield carbon witrcomparable properties

Reduction for salt used for the process to the barest minimum while achieving the
porous carbon from biomass needs furtimestigation. This could be dependent on

feedstock, salt type or salt mixtures.
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The temperature for the MSCA approaches and their effect on the carbon properties
has not been investigated using the same type of salt and bioreasssor This creates
the need for optimization of temperature for salt type and carbon properties application.
This requires temperature optimisation for salt type and carbon properties application.

The effect of residence time has not been stuftiet1SCA for either approach
The effect of residence timdéor the MSCA needs to be investigated at the best
temperatur@nd the propertiesn carborfor its applications

Research ommixing of different biomass precursors in various salt mixtioes
produceoptimum functional carbon materiatgeeds to be investigate#ls most biomass
sourcesoccur as mixturestherefore theype of salt melt ould affect the structure and
functional group of the biochar irrespective of precursor thereby affecting the final
application

The dimension of protecting the biomass wittkel foambefore the carbonisation
process using the immersion approaeds seen inthis review. Further investigabn
needs to beonductedas understandf nickel foam playsa role in the carbonisation
processas nickel has been proven to be a catalyst in biomass gasifiggdgonif it can
be replaced with other materials that ebbk used for biomass protection during the
carbonisation process.

Thisresearch will focus optimization the mixing appro&eiproducecarbon from
various biomass sourcesth great interest in certain properties such as specific surface
area, pore structure, and peaige distributionto be anelectrodeactive materiain an

electiochemicaldoublelayer capacitor while considering some of the gapgsaled
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2.55. NovelApproach of Molten BaseCarbonisation and Activation (MBCA) using
Wet Biomass

Understanding that MSCA is an ion diffusion process coupled with temperature
change explains whso much salt ismneededo achieve biomass components and ions
reactivity at specific temperatuteBhereforea certain level of viscosity in the molten
salt is needed for the mobility of ioriBo overcome this high amount of salt or reagent,
anovel concept is introduced in this research. This research proposes using wet biomass
to solve the challenge of high sad MSCA with a lowcost precursor to achieve porous
carbon. Figure B.illustrates the concept of wet biomass introduced in this research.

Biomass in its wet state is hydrophilic and very receptive to structural changes. Its
wet nature hakigh polarityand highpermeability that allows the exchange of materials
(lons andmoisturg across the components (chemical composition). Thus, its inherent
moisture and polar state are maximisee&sethe diffusion of ions into the biomass
structureto achieveeffectiveion and biomass components (lignin, hemicellulose, and
cellulose) interaction with a minimal amount of reagénirthermore, the combined
polarity enhances the depolymerization of large molecules into lower molecular
compoundsThe breakdown of bioass monomers through cleavage bond breaking and
nucleophilic addition, dehydration, decarboxylation, and recombination of reactive O
species for carbonization prior to drying.

From Figure 2B(A), subjecting wet biomass to heat treatment causes the
componats to become tightly packed, and its polarity induced by moisture is lost. In
Figure 28(B), the wet state allows many ions to be contained within the biomass
compared to the dried state. The increased contact between biomass components and salt
ions show that diffusion of ions occurs in wet biomass faster because of the presence of

water, which allows the ions to become more active.
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( Wet Biomass ) C Dried Biomass )(a)

Drying
Shrinkage of components

Reagent infiltration

Swelling of components

Figure 2.8. Schematic representation of the novel concepts{ructural changes of
biomass components witlespect to drying and salt infiltratiod)(illustration of ion

infiltration into biomass structure for dried and wet biomass.

There is a tendency for the wet biomass to form different compounds upon reaction
with the reagent before being subjected toatied temperature. These new compounds
will change the existing MSCA pathway to a new pathway regarded in this research as

molten base carbonisation and activation (MBCA).
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The term MBCA is derivedfrom the organic base compounds anther base
moieties duringhe thermal decompositiaf the infiltrated biomas#\ representation of

the process flow sheet for this novel routstiswnin Figure 29.
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Figure 2.9. Schematic representation of the novel mixing route used inetgsrch.

From Tables 2.3 and 2.the predominanapplicationarea for MSCA derived
carbonof has been irsupercapacitorsTherefore,it is important to understanthe

concepts otlectroclemical double layer capacitand itsmechanism

2.6. Electrochemical DoubleLayer Capacitors

Electrochemical doublayer capacitors (EDLCs) or ultracapacitors are high
power electrochemical energy storage devices. It is used to deliver energy in various
applications such as memory backup units, auxiliary power, power systems and transport
systemgq38, 108110] They store energy electtasically on the surface of the active
material without involving any redox react{di. It has attracted a lot of research interest
dueto its power density. The EDLC devices achieve charging and discharging through
simple adsorption and release of ions without involving any redox reaction while the
battery involves the faradaic transfer of electr@hkl]. Most EDLCs are known to

display high cycling efficiency (~98%), enhanced power density (100 W kg')
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and excellent cyclability (~10000 cycles) depending on the composition of the device
[22].

Although the EDLCs store energy based on electric ddalghky cgacitance from
charge accumulation on the surface of both electratsut any charge transfer. There
is also a system whereby the supercapacitor stores energy through rapidly reversible
redox reactions on the electrode surface which is called Pseunltaapd4, 111, 112]
Pseudo capacitance occurs when the cambahe electrodehasfunctional groups that
enhance redoreactionswhich create chemical and electrochemical interactions with
electrolytes in the cetkesultingto increasen the capacitive performance of tb&pacitor
2.61. Componentsof EDL Capacitors

As seen in Figure 2.10, the EQapacitorconsistsof two electrodes (Positrode
and Negatrode) submerged in an electrolyte and separated by a permeable membrane.
The electrodes are constructed of hagimductivity materials like carbon black and
activated carboms the active material mixegith a polymer binderPolymer binders
include polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF). Carbon in
its many forms, including activated carbon (AC), carbon fitdeth (AFC), and carbon
produced from carbides, is the most often utilized electrode mldf@risupercapacitors
(CDC) [3], carbon aerogel, graphite (graphefie)3], graphene and carbon nanotubes

(CNTSs), carbon nano fibrg$14].
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Figure 2.10. Electrochemicaldoublelayer capacitor with its components.

Notably, the following are major characteristics for activated carbon to be an
excellent electrodactivematerid.

1. A carbon material with a high SSA will have adequate space for charge storage,
especially for an EDlcapacitor due to the material's specific capance and
energy density115, 116] The ability of carbon materials to store energy is not
correlated with their surface area. This is because an increase in SSA may limit
some pores and prevent the ions fnesmgcertain channelf®1, 117, 118]

2. Carbon materiala/ith appropriate pore size distributipgifferent pore sizes and
porestructurs will dominate the storage mechanism. Tigat microporesand
mesopores woulth el p i on di ffusion promoti on,
performance,and power densityA pore size of about 2 nm on average
(Micropores) contributes to capacitive behaviour, while the mesopor&§ (2m)
supplythe interconnection channels for ion transfed nacropores (larger than
50 nm) are a buffer for ion concentration gradj@do-121].

3. Excellent electrical conductivityfhe electrical conductivitgf carbon materials
helpsthe transportation of ions or electrons during the discharge and charge
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process. Graphitised carbon, which has mofégpridisation carbon, will have

a better conductivityl22, 123] The degree of graphitization is also essential for
the electrochemical characteristics of carbon materials derived from biomass,
including internal resistance, rateapability, power delivery, and energy
efficiency. Enhancing active carbon's graphitization encourages the electrode's
surface hydrophilicity in an aqueous electrolyte, speeding up charge transport and
ion diffusion[124].

4. Carbon matrialswith favourable surface propertiaad surface functionalities
affect capacitance and storage mechani$d®. During the charging and
discharging process, the functional gjpoon the electrode surface will react with
the electrolyte, improving the capacitance performance of the d¢9ides

With the eleatode material being a keyartto achieving an excellent device,
research interest in electrodetive material has grown with a focus on optimizing
electrode material that is cesffective, environmentally friendly, renewable, and
sustainable. A carbon material that fits thed®vementionedharacteristics from a
cheap precursor, sustainatded environnentally friendly process route will be an
advantage for electrochemical energy storage

Furthermore, the electrolyte is anotledtical componenbf the EDLcapacitor, as
it determines the voltage window of the deviBecombination of positive and negat
ions that have been dissolved in a solvent make up the electfudyteous, organic, and
ionic liquids are a few examples of electrolyte typ@s Acidic, alkaline, and neutral
electrolytes are the three main subgroups of agueous electrolytes. Research on EDL
capacitoroften makes use of KOH and$&y [125]. The high conductivity, cheap cost,
thermal stability of aqueous electrolyt@sdtheir usefor assemblyn any environment

makes them appealing as welComparing aqueous electrolytes to organic and IL
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electrolytes, aqueous electrolytes have a higher conductivity. A lower equivalent series
resistanc€ESR)results from the strong ionic conductivity of the electrolytes in an EDL
cgoacitor. With quicker charge and discharge stages, it offers a greater power density in
an EDL capacitor.However, because of the narrow 1.2 V, the working voltage of
aqueoushased EDLcapacitorss quite low. This is constrained by electrolysis of the
wate-based solvent.

Conducting electrical currents from each electrode is made possible by current
collectors. Current collectors are made of metal foil or polyooated carbon. Its low
price, toughness, and stability in organic and IL electrolytes, alumimgumost often
used as a current collector for E@hapacitof{126]. Nickel foils, copper, platinum, and
stainless steedre some other popular collectors. It should be mentioned that the strong
chemical resistivity and electrolyte activity of current collectors are key factors in their
choicefor EDL capacitor It is critical to choose a separator that wsilipportgood ionic
conductivity and ion movement throughout the charge and discharge process while
preventing selischarge and any chemical reaction with electrolytes.

2.62. Electric double layer mechanism

In an EDLC, the charging process startgwoltage applied across the electrodes.
The positive electrode attracts the negative sign of the electrolyte ions and charges
accumulate on the surface of the electrode, while the negative electrode attracts positiv
electrolyte ionsOne electronic layer lies in the surface lattice structure of the electrode,
while the other, of opposite polaritgppeardrom dissolved and solvated ions in the
electrolyte. These two layers of charges make up the electric dayblemechanism.
Between the two layers is a monolayer of solvent molecules known as the inner
Helmholtz plane (IHP) (Figure 2.11). The idealizealvent can be thought of as a

molecular barrier that physically binds to the electrode's surface and separates the
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oppositely polarized ions from one anotfiEL7]. Solvent molecules adhere by physical
adsorption on the surface of the electrode and separate the oppositely polarized ions from
each otheand can be idealized as a molecular dielectric. In the process, there is no
transfer of charge between the electrode and electrolyte, so the forces that cause the
adhesion are not chemical bonds, but physical forces, e.g., electrostaticidnteghe
interfacial area between the electrolyte ions and the electrode determines how much
energy can be stordd19, 127] The electrolyte ions typicalldispersehroughout the
separator and adhere to the outside of the pores of the electrode's atéxialsn To
increase storagability, electrode materials must have a high specific surface area and

suitable hierarchical porous structure (fitting the size of the electrolyte ion).
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Figure 2.11. Helmholtz modefor EDL capacitor
2.63. EDL Capacitor Configuration and Performance

EDL capacitorperformance evaluation nductedn either a tweelectrode or a
threeelectrode setup. Thresdectrode is usually assembled for research to study the
electrode material in the working electrode. omitast, the two electrodes are used to

study the cels performance using the electrode material (practical application). A
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representation of both sets upstsownin Figure 2.2. Typically, the workingelectrode
is composed of inert substances like glassy carbon, platinum, or goldoite earbon
material deposited oib. In contrast, the counter electrode measures the potential of the
working electrode without taking part in the electrochemical prod&. To prevent
limiting the kinetics of the electrochemical reaction as the current flows between the
working and counter electrodes, the total surface of the counter electrode is typically
higher thanthat of the working electrode. The working electrode has a consistent
potential window provided by the referenekectrode. Withoutetting current to go

through, it enables the measurement of the potential of the working electrode.

Reference E
/ Electrode | |
e | Counter
= Electrode \r\—///
L. b =
a B L
WE1 WE?2
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Electrode
6M KOH
6M KOH Solution

Solution
()

(b)

Figure 2.12. Electrochemicaldouble layer capacitaonfiguration(a) Threeelectrode
and p) two- electrode.

Due to the absence of resistar(separator, and other componenits)three
electrode setup, the capacitance measurement forelaeteode cells is typically higher
compared to twelectrode cells. The assessment of -electrode cells accurately
captures the performance of ERBapacitoran industrial applications and in eveyl

use, despite the lower capacitance value. Equatibshidwshow to divide the specific
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capacitance (§) of the threeelectrode cell by the magm) of the active electrode

material to determine the specific capacitance of a single electrgde (C
0 —_— 2.7

For the symmetdtwo-electrodewhich is equivalent to a practical EDLC, the total

capacitance (i) can bederived using=quation 28.

—_— = — 2.8

If the mass of each electrode in the symmetric-é&eztrode cell is identical,
equation 2B can be used tind the relationship between the capacitance of the two
electrode cell and a single electrode measured itihntheelectrode configuratiorusing

equation 2.

— — 2.9

By considering the specific capacitance of each electrode to be identical, the

specific capacitance (gisp of two-electrode cells is giveby equation 2.D.
0 _ — 2.10

By comparing equations2and 2.D, the specific capacitance of a thieectrode

system is 4 times of a twalectrode cell4] as in equation 21.
0 10 2.11

In this work, a tweelectrode EDLcapacitorwas assembled teflect the actual
specific capacitance of the cell asaanmerciadevice, and a threelectrode EDLset up
was employed to further investigate the material behaviour for the best carbon sample. In
research anohdustry, various metrics are used to assEsbonperformance as electrode
active material ireDL capacitor They include gclic voltammetry (CV), galanostatic

charge and discharge (GCD), and electrochemical impedance spectroscopy (EIS).
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2.7. Current trends on biomassderived carbon and their performance in EDL
Capacitors
Carbon as electrode active material in E€dpacitos and their results are shown

that are shown in Table 2.5.
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Table 2.5.Electrochemical performances for various biom@esved carbons used as supercapacitor electrodes.

Biomass resource | BET Activating Specific Measurement | Electrolyte Reference
(m?g?l) | agent capacitance| condition
(Fg?h
Cotton seed Husk | 1694 KOH 238 05A¢g! 6 M KOH [129]
Soya bean Straw | 1615 KOH 140 10 A gt 1AM HoSQu [88]
Sugar cane bagassg 2905.4 | KOH-Urea 302 1Ag? 6 M KOH [130]
Miscanthus 3024 KOH 110 50 mV st 1M [131]
TEMABF4/PC
Green tea waste 342 KOH 162 05A¢g! 6 M KOH [132]
Tobacco Stem 1749 HF 167 5mvV st 1 M Li.SQu [133]
Pinewood 2207 KOH, HCl | 146 1AgE 1M [134]
TEABF4/AN
Sawdust 1869 KCI-KOH 286 1Ag! 6 M KOH [38]
Banana Peels 1358 Nitrogen 186 5 mvst 6 M KOH [135]
Doped
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From Table 2.5, the use of KOH for carbon activation has been the trend due to its
reactivity with carbon to yield pores within the carbon matrix. There is no correlation
between SSA and the specific capacitance of carbon sarfipiegrovesthat the carbn

specific capacitance depends on¢hebon aneénergy content of the biomagsecursor.

2.8. SelectedBiomassSources

For this research, twplantbasedbiomass Moso bamboo shootsPfiyllostachys
eduli andRadish(Raphanussativg sourceswere selectedbased on their composition
(Moso bamboo shodd lignocellulosic, and Radish is ndignin cellulosic), carbon content,
and mineral composition. Alsdheir short maturity cycle allows$or sustainability,fast
regenerationand possibilityof creating a supply chain around their cultivation to maximize
carbon productionAlso, these biomassdsavehigh water contentvhich cause them to
easily degrade, causing environmental pollution because decomposition leads to greenhouse
gas emissions if nahanagedoroperly.
2.8.1.Moso bamboo shootgPhyllostachysedulis)

Bamboo is one of the fastegtowing plants on the planet, especially in China and
other Asian counties (Figure 3)1 One of the nations with the most plentiful bamboo
resources worldwide is China. In China, there are 39 genera and around 500 species of
bambo0[17]. A total of 6 Mha in Chinas covered with bamboo forests, of which 74% are
Moso bamboo[18]. In addition, Mbso bamboo forests have a significaitility for
sequestering carbon, making them a crymatof thecarbon neutralitprocessThe carbon
sequestered and stored in growing baopboay giveoff as emissions if the bambdo-
product process is not handled effectivi|dl$6]. The characteristics of bamboo, such as its
green growth, lignin, hemicellose, and cellulose, good structure, and sustainable
harvesting, have enhanced the variety of its prodid&6]. Raw bamboo shootsave

cyanogenic glycodies and natural toxinsThe estimated yearly dry weight of bamboo
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shoots in China as agricultural waste is 22 million té&ssa result, majority of itsasources
are wasted and the environment is pollaeding from decomposition arlirnng [137].
Thus, it would be a valuablieedstock for higtvalue products with a variety applications,

such activated carbon.

Figure 2.13. Fresh Moso Bamboo shoots.

2.8.2 Radish (Raphanussativg

Radish(Raphanus sativjjss member of the Brassicaceae botanical family, is grown
in Europe, Southeast Asia, and South America. It is a form of winter cultivation that is also
suited to moderate tropical and subtropical reg[dR8] They are occasionally planted as
companion plants because of their quick germination and rapid growth, which is typical of
smaller types like the white one in Figure 2.Wreover, it grows quickly; although larger
daikon types take manyi(@) months to each harvestable size, this variety is ready for
consumption in just one monfh39]. One of its benefits as a sustainable carbon sasrce
for regionslike Africa where it is not used as a fosdurce, bubftenregardedas a weed
and mayfunction asa host for a variety of pests and diseases affecting cruciferous itrops.

is usedfor animal nutrition, covering pastures, improving soil fertility, and rotating crops
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[138, 140] Furthermore, the storage facjfld4li ty f

which is not easily achievable for rural farms.

Figure 2.14. Freshwhite Radishubers

The untappegotential offodder radistbheyond improvement of saijjuality will be
exciting researcho investigateits carbon potential. Radish was chosen for this study to
examine nosdignin-rich biomass sources for the carbon property. Also, its short maturation

period will allow for sustainability and ongoing application.

2.9. Reagents used foresearch.
2.9.1. Ptassiumhydroxide

Potassiumhydroxide (KOH)is an inorganic substance with the formula KQtthas
been used for diverse applications. In carbon materials research, KOH has been used as an
activator for char to tune the pore structure. In this reseldf@H, waschoserfor the molten
base carbonisation and activation, based it s | ow mel ting point
biomass components and ion reactivlBgcondly, it was used for making the electrolyte

used for evaluating the fabricated EBdpacitors. Alspthis reagenis used fotthe industrial
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comparisorconductedased on its existing use on the industrial scale for the activation of
biomass to activated carbon.
2.92. Sodiumhydroxide
An inorganic substance having the formula NaOladium hydroxide, sometimes

referred to as lye and caustic soda. It is an ionic white solid chemical made up of the sodium
cations Na and the hydroxide anions OBInd itsmelting pointis3 2 3 e QGsedinlthis i s
study to compare the role of cationgniolten basearbonization and activation process
2.93. Lithium hydroxide

Lithium hydroxide, which can be either hydrated or anhydrous and is a white
hygroscopic solid in both states, is an inorganic chahiaving the formula Li@. Lithium
hydroxide is the least potent alkali metal hydroxide known to sci¢ntas a melting point
of 4 6t usedin this study to compare the role of cations in molten base carbonization

and activation process.

2.10.Chapter Summary

Detailed literature review of molten salt carbonisation and activa{idi$CA) of
biomass to porous carbon has been reveRIS&LA has twaapproaches: the mixing atite
immersion approach. The two approaches for carbonizing biomass in molten salts employ
various mechanisms because of the temperatlaged degradation of precursors and salt
melt temperatureThe immersion strategy has a shorter residence time kegamixing
approach. Both carbonisation and activation procedures are quicker than conventional
methodsUsing MSCAt e mper at ur e s canbe used w obtaism pofolsCarbprC
through a single thermal proces=pending on the salt mixtures and biostgge In contrast,
most biomass precursors turn into gaseslmve7 0 O TaeCoperating circumstances
influence the carbon samples from both processes, vfficiencesthe intended use. The

carbon from molten salt carbonisation and activation has bsetimost extensively in
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energy storage (electric doubsger capacitors)Jsing biomassich carbon sources to their
fullest potential and lowering the possibility ofmonmental damage from biomass are both

benefits of conversion of biomass to carbon.
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CHAPTER 3: METHODOLOGY

3.1. Introduction

The experimental desigmethod and analytical analysis employed for this stigly
presented in this chapteBection 3.2 introduces the materials and chemicsdsifor the
research. In section 3.3, the biomass carbon precursors are highlighted. Section 3.4 details
theanalytical methods used to characterise biomass and carbon samples. Section 3.5 presents
the experimental setup for the molten base carbonisation and activation (discussed in section
2.5.1.1. of chapter two¥ection 3.6 gives the critical process paranseter molten base
carbonisation and activatiom section 3.7, the process for fabricating the electrodes and
assemblingthe symmetric tweelectrode coin EDL capacitoris described while the

electrochemical metriogsedto evaluate cells performanisegivenin Section 3.8.

3.2. Materials and Chemicals
The list of materials and chemicals used in this research are presemtgnas 3.1
and 3.2respectively
Table 31. List of materials
Material Designation Vendor

Mosobamboo shoots  Raw form (unprocessec Ningbo Local Market, China

Radish tubers Raw form (unprocessec Ningbo Local Market, China

Activated carbon Kuraray YP50F Canard China

Carbon black Super P Aladdin Biochemical
Technology Co., Ltd.

Glass microfiber filters GF/D Whatman, USA

Argon 99.999 % purity Local Vendor in Ningbo
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Table 32. List of chemicals

Chemical name Formula and Purity (% wt.)  Vendor
Potassium hydroxide KOH (> 98.0 %) CS
Sodium Hydroxide NaOH (> 98.0 %) CS
Lithium Hydroxide Monohydrate LiOH. H20 (> 98.0 %) CS
Lithium Sulphate Li>SQy (> 99.0 %) CS,
Polyvinylidene fluoride (PVDF) (> 99.0 %) ABT
N-Methyl-2-pyrrolidone (NMP) (> 98.0 %) ABT
Alcohol CoHsOH (> 98.0 % wt.) CS,
Tetraethylammonium CgH20BFsN (99.0 %) ABT

tetrafluoroborate
Acetonitrile CHsCN (99.0 % wt.) ABT

* CS: China Sinopharm Co., China. SA: Sigma Aldrich. ABT: Aladdin Biochemical
Technology Co., Ltd.

3.3. Biomass €arbon precursors)

Moso bamboo shoots(Phyllostachys edulig (lignocellulosic) and Radish
(Raphanusativg (nonlignocellulosic) wereselected to study their carbon properties
via molten base carbonisation and activation (MBCB9th samples were dried to obtain
their pristine dried powdegnother set of dried powder xed withbase were also prepared

and wasused to compare the process of MBG#ing the webiomass.

3.4. Analytical methods
3.41. Ultimate Analysis

Carbon contenin biomassprecursor and derived carb@important Thus, ultimate
analysiswvas done taletermineghe elemental composition (carbon, hydrogen, nitrogen, and

sulphur concentration®f biomassefore theproduction ofporouscarbon In this process,
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samplesare sento rapid combustoa bout 1200 eC, s ubywhideN,ed t c
CO4, H20, and SQ are producedisthe samples are burned. The generated gases were
collected using an adsorption tube, separating dbmponentsbefore the thermal
conductivitydetector pickshem up

An organic elemental analyser (Unicube, Elementar, Germany)sedsmthis study
to analysethe elemental composition of biomass and carbon to estimate the percentage
composition (%) of the elements (C, H, N, and3}h mg of various samplesasweighed
and sealed in a tin sample boat for analysiskdepconsisteng throughout the procedure,
standard blank sample was appliatermittently The average test result was used for
analysis after each sample underwent three separate tests. The inability of elemental analysis
to directly detect oxygen from materials isdeawback. The percentage composition of
carbon, hydrogen, nitrogen, and sulphur was retrieved directly from the analyigisthe
oxygen content was calculated by difference.

/| b pTIITH . ( 3 b (3.1)

3.42. Proximateanalysis

The moisture content, volatile matter (VM), fixed carbon (FC), and ash content of
biomass samples were alhalysedBased on calculations made using experimental data
from the VM and ash, the FC content was determidsthg 1g, eachsample wasneasured
into acrucibleandtested three times.

1 Moisture content: The moisture content of a sampdehe amount of magsvater

and other light material$) o st during the drying of the

mass. The moisture content in the precursor samples was determined following the

ASTM E 1756 methodescribed below

a) For each sample, a clean beaker with lid was mankédgdlaced in the drying

oven at 10%C for one hour. The containers were cooled to room temperature in the
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desiccator.

b) Each beaker was weighed on the analytical balance to the nearest 0.1 mg. The
mass was recorded as the tare mass, M

c) In the dried beaker, 1.0 g of samplas added, and the mass of the sample plus

beaker was recorded as the initial mass, M

d) The beaker with the sample was placed in the drying oven &265C f or 12
(overnight). Then the sample was allowed to cool to room temperature in a

desiccato. Each sample was weighed to the nearest 0.1 mg and this mass was
recorded. After weighing, the samples w
1 h, cooled again in the desiccator, and weighed recorded again. This step was
repeated until the mas$the samples varied by less than 0.3 mg from the previous
weighing. This mass was recorded as the final mass, M

The percent moisture content in the sample was calculated as follows:

-T ECGDAA B0 A

SpTMT (3.2)

where:M; = tare weight of dried beaker, §l; = initial sample powder weight and
beaker together, g, aidk = dried sample powder weight and beaker together, g.

1 Ash content: The amount of ash in biomass is a rough indicator of the amount of
minerals and other inganic leftovers thadre stillleft after ignition atc75° 2 5C. e
The ASTM E 1755 technique was used to determine the ash content in the precursor
samples. The process used is explalvedw.

a) For each milled sample, a clean crucible (50 mL) was markedawitthen
placed in the muffléurnace. Constant mass was obtairat 575 25¢C. The
crucible was cooled tiom temperature in theesiccator andtored until used.
b) Each crucible was weighed on the analytical balance to the nearest 0.1 mg.
The weight was recorded as the tare mass, M
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c) In the crucible, approxiately 1.0 g oftheprd r i ed sampl e at 1
according to Test Method E 1756 was weighed. The mass of the sample plus
crucible was recorded as the initial mass, M

d) The crucible with sample was placed in the muffle furnace and ignit&dat

° 25¢C for 3h. The temperature programme in the furnace was setrataity

heat the sample to 25C at a rate of C min! and hold for 3Gmin, then the
temperature increase to 550 eC.

e) The test crucible with its contents was removeddesiccator, cooled to

room temperature, weighed to the nearest 0.1 mg, and recorded the mass.

f) The samples were put back into the furnaicé heated for an additional hour
until the mass was measured to be constant to within 0.3 mg after cooling. The
container plus the ash mass, which is the final mass of the residue (ash), was
notedasMash

The sample's % ash content was determined as follows:

I OEDAI 80 A

3pfl (3.3)

1 Volatile Matter: The components produced when a biomass sample is heated to
elevated temperaturgthout adding moisture are referred to as volatile matter (VM)
in biomass. According to reports, depending on the source of the biomass, biomass
typically has very high VMwhich can vary from 75 to 90 $442].
I n this research, the TGA analysis was
1 Fixed Carbon (FC) Thisis the mass that is left over after Vibdis been released,
excluding moisture and ash content. In this work, FC was calculated by subtracting
the ash and volatile matter contents from the dried sample mass foranganic

char residues as follows:
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&t pmng! OFE 6-b (3.4)

3.43. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a thernalaracterizatiormethod used to
ascertain how material composition and mass vary with temperature anoh ttmeanert
environmentWhen the temperature and time incresaiee change in material mass is noted.
The temperature at whithelargestate of mass loss occurs is identified using the derivative
of the mass loss profile known as derivative thermogravimetric analysis (DTG).

Figure 3.1 presents a schematic illustration of the device.

\

COMPUTER

I Thermobalence
I 4
Amplifier 2

sadkusaa » Facility to provide
inert atmosphere

----- » Thermal Insulation

Furnace with
Temperature
Programmer

\ Sample

Figure 3.1.Schematigllustrationof thermalanalyse

The thermograms for biomass and derived carbon samples were analysed using the
curves shown in Figure 3.2 based onrtlsbaps and corresponding explanation in Table

33[143].
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Type 1

\

Type 2 Type 5

Type 3

Figure 3.2. Classificaton of the hermogram$ased on the shap#43].

Type 6

Table 33. Types of TG cure and its interpretation

Type of shape

Interpretation

Type 1

This type of curve shows no weight variation. The fact that the san
thermal stability is greater than the temperature range may be the
of this event.

Type 2

A mass loss zone can be seen on this kind of curve, which is
followed by a constant line. It happdmscause oflesorption and som

drying processes where volatile substances evaporate.

Type 3

These curves show a single stage of breakdowveaht loss.

Type 4

Samples that go through a multistage breakdown procedure can

this kind of curve.

Type 5

When the sample's weight increases because of surface oxi
reactions that take place in a reactive environment, this type of

may ke produced.

Type 6

This curve appears when there amany reactions that result in g
increase in temperature. The surface oxidation reaction is what ¢
the weight to grow, and the decomposition of reaction by prog

causes the weight to drop as pmrature rises.
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Germany's Netzsch (STA 449, F3 Jupiter) instrument was employed in this study to
conducthe analysisln an alumina crucible, 5 mg of samples were added alongside a control
empty crucible. Sample mass variations were monitored asfuheace heated from 50 to
900 e Qvhile maintaining a heating rate of 10 degrees Celsius per minute under flowing
argon for 30mninutes After heating, hefurnace's temperature control was set to dectease
ambienttemperature
3.44. Physisorption characterisation

The BrunaueEmmetTeller (BET)theoryis the widely used standard for estimating
the surface area of materials with finely split and porous propgtdd$ The BET theory
is an expansion dfangmuir's original theory, which describes the isothermal monolayer
adsorption of gases on a solid surface and takes into consideratiormuoiektular
adsorption. The weknown BET equation was created by starting with the presumption that
gas moleculephysically adsorb on a material in an unlimited number of layers with no

contact between them (equatios)3145].

3 3 3 8— (3.5)

Wheren?is the amount of gas adsorb@dmolg?), P isthe relative pressu@gnmHg), P° is
the saturation pressueimHg), and nnis the monolayer capacity, G has an exponential
relationship with the enthalpy afisorptiorand Cstands foBET parameter.

When surface analysis tests such as the BET is used, characteristic structural
information of the material can be derived from the physisorption isotherms as given in
Figure 3.3 with detailsin Table 34 [146-148]). When analysing physisorption isotherms,
there could be the presence of hysteresis lagshownin Figure 3.3b). Hysteresis is

usually associated with capillary condensation in mesoporous structures.
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Figure 3.3. Characteristic physisorption isotherms and hysteresis loops for physisorption

isothermdq146, 147, 149]

Table 34. Physisorption isotherms and material characteristics

Isotherm

Type |

Type I

Type I

Type IV

Type V

Type VI

Material Characteristics

Activated carbon compounds and other porous oxides

examples of microporous solids with comparatively sr
exterior surfaces.

Non-porous ormacroporous adsorbent

Uncommon systems in which the role of adsortzetgorbate is
important

Mesoporous high adsorpti@bility for adsorbents

An

uncommon system,

but weak adsorbsugorbate

interaction,showedby certain porouadsorbents

Typically, shownby graphitized carbon black

Micromeritics ASAP 2020 HD 88 Surface Area and PoroAialyzer (JSA) was

used in this study to evaluate thafacearea and porosity of carbon sampkstore the N

adsorp

ti on

i sotherm analysis i

n this stud?
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hrs and then further degassed under vacuum agl1&@r 4 hrs. This stage makes sure that

all the gases have beadsorbed off the various carbof® determine the amount of gas
that the degassed sample had absorbed throughout a relative pressure rangeqR/B

0.998, where Fis the saturation pressure of nitrogen at 77 K, the sample was dosed with a
particular amount of the gas;Nwhich was subsequently evacuated.

The BrunaueEmmettTeller (BET) theory was used to calculate the total SSA,
BarrettJoynerHalenda (BJH) approach was used to calculate the pore volume. To compute
the micropore volume and porsize under the assumption of split pores, daesity
functionaltheory (DFT) was applied. BET has several restrictions regardiagpporesn
which nitrogen and argon molecules cannot access at cryogenic tempeiEi0ieshis
limitation becomes obvioutr adsorption processespecially electrolytes iodiffusion
into electrodeactive materialén EDL capacitor

3.45. Field Emission Scanning Electron Microscope (FESEM)

Using a Field Emission Scanning Electron Microscope (Hitaeh8®) paired with
an Energy Dispersive -xay Spectrometer, the surface morphology and microstructures of
samples were recorded. The upper and lower secondary electron detectors are alsb include
in S4800. Secondary electrons are picked up by the upper secondary electron detector by
the magnetic field of the objective lens, which is positioned aboVketspecimen chamber
holdsthe lower secondary electron detector, where backscattered eteatroount for a
sizablepart of the signal. Since each detector signal has distinctive qualities, the picture
contrast produced by them is exceptional. The absence of airborne microparticles that could
redirect the electron onto the samples and skewethdts is the purpose of the vacuum
environment. The beam is focused on the sample (objective lens) and the spot diameter is

adjusted with the aid of a series of magnetic condenser lenses (condenser lens).
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In this study, samples were coated with goldnireéase their conductivity, and FE
SEM images were acquired at an accelerated working voltagelof kv at a working
distance of approximately 10 mm.
3.46. RamanSpectrometry

Raman spectrometry, which bases its conclusions on the Raman shitbnisrenly
used method for learning about the composition and crystal structures of materials. Based
on the Raman effect/ scattering, which is the shift in wavelength of the inelastically scattered
radiation It is usedto study the vibrational, rotationalpr lower frequency modes in a
material. The@roces®ntails illuminating a sample with a monochromatic light source (laser).
During the scattering process, each molecule interacts with molecular vibrations to produce
a unique scattering’he Raman shift, hich occurs when photons exchange some of their
energy with molecular vibration in samples, is what causes the energy to be acquired or lost.
In general, elastic scattering has an output energy equal to that of the incident photon (i.e.,
hv), which is refared to as Rayleigh scattering/hile inelastic scattering, has an energy
shift of h (vO- vs) and h (vO + vs), referred to as Rars&dokes shift and Raman assttokes

shift, respectively. Figure 3.4 depicts this scattering.

Virtual S e e
encrgy Rayleigh
states i W SOy W e B scattering
Stokes
Scattering
Anti-Stokes
scattering
Vibrational TV A
energy
states Y Y A . 4
Stokes Rayleigh Anti-Stokes V.=V v V.4V
scattering scattering scattering 0, ., g LA

Frequency

Figure 3.4.Different scattering modes of incident radiation are due to the interaction of the

photons with the moleculg¢$51].
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This research usedamananalysis to analyse the degree of graphitisation of carbon
samples by examining types of bonds and arrangemnfeatsan spectra were captureal
Reni shawés inVia Raman microscope (Reni sh;
wavelength of 514 nm Argoion laser beamOr i g i nsoftlvarebudesl for analysigth
Lorentzianmethoddor fitting of the obtained spectra
3.4.7 X-ray Diffraction

X-ray diffraction (XRD) is a nowestructive characterisation technique that reveals
detailed information about natural and manufactured materials' chemical composition and
crystal structur¢l52]. It is also used to charaise Phase identification of pure and impure
materials, the degree of crystallinity of materials, spgoeip determination and indexing,
and structure refinement.-bays because of their wavelength | g e theadiffiadtiean
pattern typically has thesame order of magnitude (L 100 angstroms) as the
spacingd between planes in the crysthil.theory, diffraction results from any wave striking
a regular array of scatterdds3].

In this research, XRD (Bruker D8 Focusr¥y diffractometerworkedat 40 kV at 30
mA, withCu-KU with a wavelengirlangfe ®.f1%4 rnm i8¢
of 5-kto datermine biomass crystallipiand derived carbon's graphitic niatu

3.48. Fourier-Transform Infrared Spectroscopy

FourierTransforminfrared(FTIR) spectroscopy ismethodused to obtain an infrared
spectrum of absorption or emission of a solid, liquid or Egh-resolution spectral data
over a broad spectral range are concurrently collected by an FTIR spectroftittehis
method, a beam of light with multiple frequéxis reflected at once, and the amount of
that beam that is absorbed by the sample is measured. A second data point is then obtained

by changing the beam's frequency configuration, which is done after tHé 54t
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This study used Nicolet 6700 HR, Thermo Scientific to analyse the changes in
functional groups present in the biomass precursors and derived carbon. The samples were
mixed with Potassium Bromide (KBwith a ratio of 100:1 for KBto sample After that,
themixtures were made into pekedf 13 mm diameter and 1 mm thickness, then measured
in the range of 4000400 cm! wavenumber at 4 cth
3.49. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy is a technique uskdddhe surface chemistry
of samples|t is alsoused to quantify thehemicalcomposition of sample surfaces by
irradiating a surface area of the sample from the td® hm depth with x-rays and
measuring the energy spectrum of the photoelectrons emitted. The analysis is usually
conducted under an ultrahigh vacuum condition, to avoid interference of gas molecules with
photoelectrons. The result is displayed as spectra recorded by counting tleslreleeisons
over a range of kinetic energies, with elements and bonding environments emitting electrons
of a characteristic energy. This photoelectron spectrum is characterised by peaks that are
generated by atoms emitting electrons at various specicggncharacteristics. The
recorded energies and intensities of these peaks can be dsetand quantify elements
except hydrogen on the surface of the material firicbthe binding energyHge) equation
3.6is used:

O D ©° (3.6)

WhereExe = Electron Kinetic energy (eY}Ese = Electron Binding energy (eVhv=energy
of the xray (eV) andu = spectrometer work functioftonstant).

In thisstudy, KratosAxis Ultra X-ray Photoelectron Spectroscopy (XPS) system with
a Dual Anode Xray Source of Mg, Al was usddr the analysisCASA XPS software was
used analysis and data fitting, and Origin lab usedto graph the data with an adventitious

carbon set a284.8eV.
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3.410. Conductivity Measurement

As shown in Figure 3.5, a constructed system was used to evaluate the conductivity of
carbon samples using a voltmeter (to measure resist&adon powder was compacted
into a flexible insulator and sandwiched between two metal plates. Then compregéksed w
constant force of 5 MPa which was sustained using the staewpwhen theesistancevas

measured.

Pressure

Compressed
powder

/
/

Metal / -~
Plat< . Flexible
4, — - —
AN insulator

fy

Figure 3.5. Representation of resistivity measurement with fabricated assembly.

The resistance valugasused to calculate the resistivity usingiation3.7.
=Y (3.7)
where = Resistivity(qtm), A= Area(m?), L = Length(m) andR = resistancé Y )
Then the conductivityvascalculated using equation 3.8.
- (3.8)
Where s = Conductivity (S m?), = Resistivity(q tm).
3.5. Molten basecarbonisation and activation
From the discussion in chapter two, the mixing appraddiSCA involves mixing

the salt and dried biomass before thermal treatment. In this research, a new dimension is

consideredvith by mixing thewet pristinebiomasswith the reagentbase)
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3.51. Biomasspreparation

Fresh Moso bamboo shoots and Radish were obtained flotalanarket inNingbo
China. They wereshredded in its wet state to an average size of 0.5 cm. fapsof the
shredded biomass was transferred into an alginate mortar and mixed with a specific ratio of
Potassium Hydroxide. The mixture was put into a beaketeft to rest for 48 hours@om
temperaturgFigure 3.6).The mixture was dried in an oven for 24 houré & . Eu@her
gridding to powder was done with a laboratory particle size mill (KKALBS25).Thedried
salted biomaspowderwas kept in an airtight glass jar before beingtde the furnace.
Anot her part of the reduced biomass witho
sample withoti salt was used as reference twmparethe carbonisation and activation

processSame procedure was repeatedRadish.

Shredded Moso Potassium

bamboo shoots Hydroxide Moso
bamboo shoots

Dried Potassium Wet Potassium
Hydroxide Moso Hydroxide Moso bamboo
bamboo shoots shoots (After 48 hrs )

Figure 3.6. Representation of thereparation of the Mosdamboo shoots before

carbonisation and activation process.
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3.52. Carbonisationprocesswith Horizontal Reactor

An Alumina crucibldoaded with5 g of dried infiltrated biomagbiomass mixed with
KOH) was placed in the middle of a quartz tube in arkéfing (OTF-1200X) tube furnace
(Figure 3.7).The ends of the tube were sealsécuredand purged with argon (999%
purity) for 30 minutes at a constant flow rate of 150 ml thifihis wasto ensure ther@as

no air in the tube furnace to prevent oxidation reactions, before raising the temperature of

the furnace atltdtheeesiredtenperattie 5 e C mi n
=g

Figure 3.7.HF-Kejing (OTF-1200X) tube furnace.

Samples were allowed to cool to ambient temperature in an argon environment before
being cleaned with deionized water to produce a filtrate with a pH of 7. The obtained carbon
was dried in an air oven for 12borfhcomponentsat 6
were then put to a glass jar and kept until they were needed.

For comparisorb g ofdried samplewithout saltwasplacedin alumina crucible and
transferred taube furnace with the same operating condition

The carbon yield for samplegascalculated using equatidh9.
6 O WERQAQ Qdpmmb (3.9)
Where M1 = mass of biomass feed fed into the redégj@nd M2 = Mass of carbon derived

after washindg).
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3.53. Carbonisation with Vertical Reactor

159 of driedKOH-Moso bamboo shoots were placed in an alumina crucible and heated
in the steel tube furnace's retort (Figure 3.8). Before heating the reactor for carbonisation at
a rat e d,fthe ®acter@asmeeu and purged with argon (99.999% purity) for 30
minutes at a continuous flow rate of 450 ml hito avoid oxidation processes, this is done

to make sure there is no air within the tube furnace

Gas Gas
inlet outlet
Cooling
water
Sample
Inlet/Outlet
Reaction
Chamber
Heating
Chamber

Figure 3.8.Vertical Tube Reactor used for MBCA.

3.6. Process Parameters

Process parameters can be described as factors that can control dhaffemtess.
These factors could affect the product or affectréaetionsof the system. In this research,
using themolten base carbonisation aactivation, theprocess parameters wdri®masgo

KOH ratio, temperatureand residence time.
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3.61. Reagentto biomassratio

The ratio of reagent to biomass describes how much reagent is combined with the
biomassduring the process. Analggswas done on how the reagent ratio affected the
characteristics of carbon that were deduced from different rdtiesoptimum ratio was
chosen baseon the optimumelectrochemicaberformancen specific application.

3.62. Temperature for carbonisation

Temperatureof carbonisation affects the overdileakdownof material during a
process. Temperature has shown to affect to influence product distribution during
carbonisation and could also affect the properties of derived carbon from the pidoiss.
using the same biomass source and same process treatrieengdessary to identify the
optimum temperature for the desired application of the prodcendxbn.

3.63. Residenceime

Residence time refers to the duration a biomass material is held constant at a specific
temperature during its transformation process. Most existing pieces of literature have used
from 1 to 3 hrs for biomass carbonisation #rehanother 1 to 2 hrs for tication. Therefore,
it is important tofind the effectof residence time on the properties of derived carbon using
thenovel approaciproposed This will help toreduce procesime, energyrequiremenand

costof derived carbon for specific application.

3.7. Electrode Preparation and CelAssembling
3.71. Electrodematerials and electrolytes

In this research, the derived carlsamplesandcommercial activated carbon (YP50F)
were usedo prepare electrodes. The carbon samples e@rbinedwith carbon black and
Polyvinylidene fluoride (PVDF) in a ratio of 8:1:1. 6 M KOH was used as an electrolyte to
evaluatethe carbon samplesapacitive pgormance The practical usage of thearious

derivedcarbon for commercial purposesreevaluated using an organic electrolyte (1 M
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TEABF4/AN), which isoftenused in commercial EDLC8Vhenorganicelectrolyteis used
for the cell assembly, the electrodgsemovedinto the glovebox

3.72. EDLC Cell Assembling
3.7.2.1 Two electrodes

The symmetric tweelectrode coin cells (2032) were constructed with stainless steel
spacers, paired electrodes of symmetric 16 dmsn of equal masgctive material)with
glasdfibre filter paper of 18 mm diameter as the separator (Whatman)GHiBelectrolytes
were applied to wet the electrode surfadben separator waplaced on top of the wet
electrode, then the separator waseistened by a few drops of selected electrolytes and
further layered withanother electrodeand topped with a stainlesteel spacerFor
performance verification, duplicates of each sample of built cells were exarigeck 3.9

depictsthe cell constituent partsd fabricated cells

Figure 3.9.(a) Fabrication of symmetric 203&in EDLC cellsand p) Assembled 2032
coin EDLC cells.

3.7.2.2 Three electrodes

In this research, thtbreeelectrodeset up was used to confirm thpertieof derived

carbonwith best electrochemical performandée system consisteaf nickelfoam (1 x 1
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cm, active material mass loadings of 7)mglatinum mesh { x 1 cm) as the counter

electrode and Hg/HgO as theference electrode.

3.8 Electrochemical Testing Techniques

In this research, electrochemical testing techniques were used to evaluate the
electrochemical properties dérived carbons from various process conditipasperature
and residence time&s poéntialalternativeelectrodeactivematerial inEDL capacitos.
3.81. Cyclic voltammetry

Cyclic voltammetry (CV) isa technique used to measure how an electrode or
electrochemical cell responds to a current flow. kaaductedusing a constant potential
sweep between two set voltage or potential values, as shown in Figu(@)3Tlte cyclic
voltammogram is a plotfacurrent versus the potential for electrodes and current versus
voltage for cells. It is obtained by measuring the current at a working electrode during the

potential scans

ORV (b)

V2 """"""""""""""""""" ¥, max

/

" Charge

Discharge

T

Figure 3.10. (a) A representation of voltage between ¥nd \b, and (b) Cyclic

voltammogram representation for an EBdpacitor
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Figure 3.10 (b) shows the cyclic voltammogram of a near perfect EDL capacitor,
which has a rectangular form without any redox hump attributable to pseudo capacitance
behaviour. The symmetrical twlectrode setupused in this studylacks a reference
electiode. Solartron Analytical 1470E multichannevas used to conduct theyclic
voltammetrywithin the voltage windovef 0 to 1 V for aqueous electrolytes and 0 to 2.5 V
for organic electrolytes witscan rates ranginfjom 5 to 200 mV 3. Equation 3.10 was
used tocalculatethe specific capacitance of the cell(FEg?), using data made using cyclic
voltammetry.

0 1— (3.10)

where m is the mass of active material on both electrode#he curreni(A), v the
scanratdVshand @V the vl tage window
3.82. Galvanostaticcharge discharge

Galvanostatic chargelischarge GCD) procedure used to examine charge and
dischargeresponse of an electrode using a spediioentwithin a set voltage window.
Voltage versus time is measured as the working electrode has a continuous current applied
and removed. The capacitance, specific energy, and specific power of thareellso
evaluated from th&CD profiles. Furthermore, thetability of devices wasonductedising
a chargedischarge cycle repeated 10,000 times. With the GCD test, the internal resistance
may also be assessed from the potential drop (iR drop) on the current peak at discharge start.

Figure 3.11 shows a represation of galvanostatic chargkscharge.

80



ok
-

Current (A)

Time ( Sec)

...................................

<<
P

Current (A)

=

Time ( Sec)

Figure 3.11. lllustrationof the Galvanostatic Chard2ischarge process.

In this study, the GCD of the EDLCs wesnductedising the Land CT2001A Battery
Cycler from Landt Instruments, using voltage ranges between 0 and 1 V (for the aqueous
electrolyte) and between 0 and 2 V (for the organic electrolyte) at different rates of specific
current from 0.1 to 1 A*gfor 10,000 clarges/discharge cycles.

The specific capacitance (Flgvascalculated from GCIprofiles usingequatiorB.11.

& Ty (3.11)

where Irepresenthe discharge current of the cél), m is the carbon mass of both
electrode4q), oV i s t he (W, ardtisegal torthe wiscloarge ti(e
3.83. RagonePlot

A device specific energy andspecific power characteristics are compared in the
Ragone plot (RP)Under similar boundary conditions, RP is used to compare the
performance of various technologies (batteries, capacitors, supercapacitbfsel cells)

[155]. Figure 3.12 presents a schematic illustrabdb®RP for various devices
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Batteries

Figure 3.12. Ragone plots of various elesthemicalkenergy storage devic§ks6].

Using equations 3.12 and 3.13, the specific en@&yyWh Kg?') and specific power

(P) (W Kg?) of cells wereevaluated

E= (3.12)

P =0z (3.13)

where C represent the Specific Capacital
the IR drop, and t is equal to the discharge time.
3.84. Cyclic stability and Capacitance Retention

Cyclic stability is a measurement of tepecific number of chargirdischarging
cycleswhile capacitanceetention is theamount of capacitancestainedafter a specific
amount of user cycles The test is crucial for determining the service lifsugfercapacitors
[157]. The cyclic stability of supercapacitors is largely governed by the electrode materials

as 10,000 cycles is the new maximum for devices us@gponbased electrode materials

[158].
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3.85. Electrochemicalimpedance

Electrochemical impedance spectroscopy (EISksed to examine how potential

perturbations behave when various frequencies (from mHz to MHz) are applied at a constant

AC signal or open circuit potential. Itadtenused to measure electrochemical cell properties

like capacitance, resistance, and freqcy dependence as well as to research ion mobility.

The EIS data is typically represented as a Bode plot showing the phase angle as a function

of frequency or a Nyquist plot to show the imaginary and real cell impedances. To assess

the equivalent seriesesistance (ESR) and define thehaviouralproperties of EDLCs,

simplified equivalent circuit models aoéten created to fit the real EIS data obtained from

an experimentAs illustrated in Figure 3.13, the chargansfer resistance (R doublelayer

capacitance (&), and electrolyte resistancesfRanbe described using Randle's circuit,

which the simplest and widely used model.

100

Z,,, (Ohm)

R, W
I
I
Cl
(a)
W
/ \/?
0 5l0 1(;0 1;0 200
., (Ohm)
(b)
dl ebds ci [159,u60f ( b)

Figure 3.13.( a) Ran
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The real and imaginarparts of the impedance are plotted on the X and Y axis,
respectively, in the results from EIS. The three frequency areas on the Nyquist diagram are
identified as high-frequency regior(solution resistangeknown asRs Medium frequency
region (charge trafar with a tiny semicircleequivalent teelectron transfelimited process
Rct [161], because EDLC is not a redox reacticontrolled the semicircle is linked tothe
electrolyte ions' difficulty entering the electrode's small pores and the movement of ions
within those pore§l62]. A line that tends parallel to the real axis at low frequency comes
after the Warburg line in the region of internmegdi frequency. lon diffusion from the
electrolyte to the electrode surface is shown by the Warburg line. A pure capacitive
behaviour and rapid ion transport to the electrode suidasigggestetly the Warburg slope
that was close® 0 [ 37] .

In this study, cell impedanagasmeasured throughout a frequency range of 100 kHz
to 0.1 Hz using a Solartron Analytical (14070E Cell Test System), and the charts were

created using graphing software fr@ngin Lab.

3.9. Chapter Summary

The experimental methods and procedures used in this stathgdradescribed The
methods ofbiomassmaterial preparatigncarbonizationand activationtypes ha been
discussedFigure 3.14 displays a summary of ttestsperformed onbiomasssamples

derivedcarbon,and the electrochemical testbe conductedn fabricatedeDL capacitor
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Summarized test for biomass and carbon samples

Biomass Porous carbon
Precursor
Material Electrochemical
Characterisation Test
Proximate analysis
Ultimate Analysis
TGA Ultimate Analysis v
TGA GCD
FTIR FTIR IS
XRD XRD CYCLIC STABILITY
FE-SEM
BET
RAMAN
XPS

Figure 3.14.Summary of analysis dmomassgderivedcarbon,and its electrochemical test
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CHAPTER 4: MATERIAL CHARACTERISATION, FEASIBILITY, DESIGN AND
APPLICATION OF MOLTEN BASE CARBONISATION AND ACTIVATION ON
BIOMASS

4.1. Introduction

The findings of the design and feasibildtyidyof thenovelmolten base carbonization
and activation (MBCAusingwet biomassds presented in this chapt&ection 4.2resents
material characterisation dffferentbiomass sourcgdloso bamboo shoots and Radish) as
carbon precursothat werechoserfor this researcht also showsheir proximate, ultimate,
and thermogravimetric analgsi The feasibility and desigrstudy for molten base
carbonisation and activation, investigating the biomass to KOH ratio to obtain porous carbon
and its preliminary electrochemical performancédare ou the optimum ratio for further
investigations revealed in section 4.$ection 4.4 presents the result of different cations in
MBCA for Moso bamboo shoots; thigasimportant tofind out the hydroxide for further
investigation in thigesearch. In sedn 4.5, molten base carbonisation and activation on
Moso bamboo shoots and Radisleasitrastedvith ther dry samples mixed with KOldnd
their pure derived carbon to understatite changesand possibly propose the process

mechanism

4.2. Characterisation of biomass (Moso bamboo shoots and Radish)

In this section, characterisation of Moso bamboo shoots and Raelisttanducted
to understand their composition. This characterisation gives an insight into biomass
composition frondiverse sources
4.2 1. Proximate analysis

Proximate analysis waonductedbn Moso bamboo shoots and Radish to determine
their material composition, asdicated inTable 4.1.0n a wet and dry basiRadish had a

higher moisture content compared tdMoso bamboo shoots. This finding indicates that

86



Radish is more moistwgensitive than Moso bamboo shoots and needs a dry storage
environmen{138]. The high moisture in bothiomassesvould cause tha to decompose
quickly if not effectively managedTherefore, their moisture content was maximized for

KOH infiltration before drying to implement the MBCA process.

Table 4.1.Proximateanalysisof Moso kamboo shoots and Radish

Parameter Moso bamboo Radish
shoots

Proximate Moisture 85.00, 95.00,
d d

Analysis (wt.%) ** 202 441
Volatiles matter 80.11 81.12

(VM)

Fixed Carbon 15.92 10.98

Ash 1.92 7.90

** d=dry basis, f = fresh,

Both biomass sourcefioweda high volatile matter content greater than 80 %; similar
values for botlsamplesdave beenreported 138, 142] This valueshowsthat both materials
haveconsiderable amountsf carbon and oxygeare suitablecarbon precursors. Also, the
volatile content woul@asehe generation of pores when it reacts with potassium iohs (K

The fixed carbomrontentof Moso bamboo shoots was higher than that of Radish. This
resultis linked to their compositions, as Moso bambsbootsis lignocellulosic15] while
Radish is nodignocellulosic[138]. Furthermore, Moso bamboo shodigslignin which
does not easily break down during the heating. Therefore, its decomposition pattern and
temperaturavill differ from Radishthusaffecsits owverall carbon yield.

In addition Radish had a higher agtontent (7.90%) comparedo Moso bamboo

shootg1.92 %) The difference in value is linked to itigh mineral composition, including
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silicon, magnesium, potassium, and calciia®]. However, if the ash conterg increased
or kept in the obtained derived carbon, it would affect its carbon electrochemical
performare.
4.22. Ultimate analysis
The ultimate analysigor Moso bamboo shoots and Radish veasmductedwith

Elemental Analyser tthe understand tireelemental makeugasgivenin Table 4.2

Table 4.2.Ultimate analysis of Bamboo shoots and Ra#igimass

Ultimate Analysis Elements Moso bamboo shoots Radish
(wt.%)

C 39.31 33.92

H 6.68 6.77

N 3.45 2.08

O 50.27 56.94

S 0.29 0.29

d = differencecalculated with+ 0.02

From Table 4.2, both biomass sourbeslcarbon content greater than 30 %, which
shows they are rich carb@ources However,Moso bamboo shoots had a higher value
(39.31 %) traced to their lignin content and classificatiofiggmcellulosic biomass and
Radish (33.92 %) nehlignocellulosic biomas§l40]. Radishhascellulosethat contribute
to its elemental carbon contdB8]. The high amount of carbon in each biomass suggests
they can be&onverted to carbon for diverse applications

Radish had the higheskygen content of 56.9% compared t&0.27 % in Moso
bamboo shootsThisis traced to its high moisture contgfiable 4.1 which contributes
more oxygernn the biomassAlso, this resli corresponds with the proximate analySiable

4.1), where it displayed the highest volatile matter contefRadish had a highitrogen
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contentof 3.45% compared t®.08 % for Moso bamboo shoofBhis differencein the
nitrogen contenis linked to the growing conditions of Radish, as it has been reported that
Radsh absorbs nitrate from soil to enhance its grqd@3]. The presence of tis nitrogen
if keptin derived carbon samples, wouddntribute to enhancexhpacitive performance of
carbon in supercapacitor application. Similar hydrogen and sulphur content values in both
biomass have been reported for other typical agricultural biojhé8s142]
4.2 3. Thermal behaviour of biomassprecursors

TGA analysis wasconductedon biomass samples to understand their thermal
behaviour. Both sampldsmdsimilar decomposition patterns and mass loss behawatirs
increasedemperatureas shown in Figure 4.Themass | oss below >100
moisture content and volatile extractivesboth samplesFurthermore,lte maximum mass
loss occurredbetween 200 and 508 Cthis islinked to thebreakdownof cellulose,
hemicellulose, carbohydrates, proteins, and lightweight volatile compounds fractarnis
samples. This indicates thgignificant molecular compousdh both biomass decomposes
within this temperaturesimilar trend has been reported &gricultural plant biomad464].

Bet ween 500 t o doWlofsa@ples if attribtitddeorthe degradation
of lignin or other | arge molecul ar compoun
or no mass loss linked to further reactions, as some lignin fragments have been studied to
degrade steadily at igemperaturelg9]. Overall, Moso bamboo shoots showed less mass
loss of 62.76 %, compared with 72.69 % for Radish. This difference in mass loss is probably
linked to the lignin content of Moso bamboo shoots, as lignin components are not easily
broken dowr{165]. The similar decomposition pattetisplayedby both biomass samples
shows that they have similar conpositions (carbohydrates, cellulose) at specific
temperatures. The TGA profile for both samp@gseesvith agricultural biomasses thadve

cellulose material in their structufe38, 142]
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Figure 4.1.(a) Thermogravimetric (T¢ and(b) Derivative Thermogravimetric (DTG)
profile for Moso kambooshoots andRadish.

From DTG profiledepictedn Figure 4.1(b), the overlapped cunfagherconfirms
that similar changes occurred in Radish and Moso bamboo shoots at specific temperatures.
This ould be linked to similar organic compounds common to biomass sources.
Significantly, the maximum DT@&mperaturé or Radi sh was 200 eC &
bamioo shoots. This difference in temperature for maximum degradation suggests that
Radish will be converted easily at lower temperatures. Also, it shows the difference in their
structure and composition, as carbohydrates and proteins would degrade fastgeddmp
lignin, hemicellulose, and cellulo$&38, 142]

Bet ween 400 to 50 0afast&€ rate Rrmrge tham Maoso Bapboa y e «
shoots due to its composition as Hamin rich. At this temperature, the gradual breakdown
of lignin begins to occur. Furthermore, for
carbonisation and activation, Mm®amboo shoots displayed better stability than Radish,
linked to its compositioflignin). The differences between Moso bamboo shoots and Radish
in their thermal stability andargest breakdown temperature could influence their

carbonisation mechanismp@erature, carbon properties, and application performance.
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Based on theboveproperties Moso bamboashootswas selected fothe MBCA

preliminaryexperiments.

4.3. Designof Molten BaseCarbonisation and Activation (MBCA) using wet Moso
bambooshoots

From section 2.5, MSCA is an ion diffusion procemshancd by increased
temperatureLarge amount of salt is used to achiel#usion of ions to into the biomass
precursor ando achieve effective biomass components ion interadtl@®]. The large
amount of saltisedis one significanthallengeof MSCA and has hindered its practical and
industrial application. All exting research has usdded biomasgprecursorsTherefore,
the novel concept of using wet biomass was introduced in this research to minimize salt to
biomass ratio, maximize biomass components (lignin, hemicellulose, and cellulose) and ion
interaction umg the biomass's inherent moisture for the diffusion of ions before drying the
biomass. It isproposedthat the ions and synergetic water effect would cause the
depolymerisation of large molecular compounds, decomposition of monomer components,
dehydration, and deacetylation through bond cleavage to yield potasgjamicsalts or
compounds thigpromotetheformationof porous carbon vien situ activation insingle-stage
thermal carbonisation.

Molten base carbonisation and activation (MBCAgsustrong inorganibase(e.g.,
KOH, NaOH)thatcompletely dissociate into their metal and hydroxide ions in the presence
of water due to their polarityFurthermore, the ions are attached to biomass components
which causes structural changes the complex biomass structure videhydration and
oxidation reactionFurther reactions includeicleophilic substitutio, depolymerizing large
molecules to generate organic alkali derivates at room temperature. Above room temperature,

these derived metallic organic salts and active oxygen species shifts the various
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carbonisation reaction (dehydration, deoxygenation, dexglddamn, decarbonylation, and
dehydrogenation) positively or negatively.

There is currently no literature report on this method of using wet biomass with the
base before dryind herefore, a preliminary experiment was conducted patametersgor
KOH andbiochar activationandderivedcarbonevaluatedn supercapacitoras electrode
active material
4.31. Investigatingthe effect of biomass to KOH ratio

Preliminary experimenivasdesigred based on existing literature values for biochar
activation with KOH dried biomass and KOH using the ratios 1:1,1:2,1:3,1:4 respectively,
[32, 167] However, as shown in Figure 4.2, the obtained precwrsar not the desired
outcome Drying the precursor was Ghallenge, which increases the operating cost of the
processThe ratio of KOH to biomass was too higindwas seen to dissolve the biomass
components, and material recovery became a challenge. Therefore, the ratio of biomass to

KOH was changed.

Figure 4.2. Moso lambooshoot impregnated with KOH at a ratio of 1:1.
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In line with one of the research gaps use the low ratio of KOH to biomass, the
experiment was redesigned to minimize amount of KOHT herefore, the biomass to KOH
ratio was increased to 1:5, 1:1015, and 1:20, respectively, with samples denoted as WB5,

WB10, WB15, and WB20.

Dried Shredded Moso bamboo shoots mixed with KOH after 48hrs

Figure 4.3. Moso lmambooshoots impregnated with KOH at different ratiasad after 48hrs

hours of impregnatian

93



From Figure 4.3all samplesshowedyellow colourwhich was different from the

pristine bamboo shoots (whit@)his shows that KOH caused oxidation in biombssvever,
the colour gradienseenin sampleswith increasan biomasdo KOH ratio,showsthat the
oxidation reaction rate was proportional to #mount ofKOH present in biomas3VB5
showed fastedegradation oEomponerd compared t9VB10, WB15, and WB20, implying
that depolymerisation of components in WB5 occurred faster due to the hightisathat
promotes oxidation reaction at the carboxyl and carbonyl groups of biomass components.

After 48 hrs ofimpregnation,no colour change wafurther seensuggesting that
various reactions had ceaseédso, moisturecontent insamplesincreasd which shows
dehydration reactioaccurredWB5 had the highest moisture content which could be linked
to the high ratio oKOH, whichresultdin fasterdehydration reactiaiNotably, his process
would behelpfulto remove excess moisture framomass ithe precursor is properly dried.

Furthermoreafter 48 hours, samples were swollene $ivelling effect is proposed to
have resulted from the intercalation of ions into biomass struetude¢he swelling of
cellulose[168]. Biomass in its wet state is highly hydrophilic due to its hydroxyha@ayl,
and aldehyde functional grouphs a result, introducing a polar salt wittsianilar polarity
would promotedepolymerization of theomponents present in the biomasswell as the
breakdown of its monomers by cleavage, decarboxylation, and rectrohiof reactive O
specieg$23]. Also, there is thékelihoodfor vacancies to be created in the complex structure
due to broken bonds, especially at the carboxyl and carbonyl groups

All samples were drieth an airoverinf or 24 h o gecton 3btlto ks e C
than 5 % moisture in 24 houtdowever,WB5 maintained 10 % moisture content after 48
hours of drying.The high moisture content woultk achallengetowards thestorage of
derived precursors. This result agrees with the depolymerisation of macromolecular to lower

molecular compounds with KOH and watin the biomass, resulting fromydrolysis
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reaction[48]. These derived biomass precursors form the basis of MBCA akdkei{OH

and wouldbegint o

outl in

ed i

me | t

n

at t

section

obtain the required functional porocarbon.

4.32. Characterisationof derived carbon

h e

3.

4.3.2.1.Productsyield and Elemental Composition

The mass percentage yield of derhaaibon samples from various biomass to KOH

me | t Aacagding to thenprocessf

5.

2,

a l

sampl es

ratio was calculatedased on theass ofesultant carbon after washirgyenin Table 4.3.

The result showed thatdon yield increased as biomass to KOH ratio increased

shows that theincreasd amount of KOH in precursopromotedthe rate of various

carbonisation

reactions (dehydrogenatiodecarboxylation,

dehydrogenation,

and

deoxygenation)Also, coupledwith the KOHin situ activation mechanism of carbothe

overall yieldof carbon is affectedVB5 had the lowest yield of 2.89 %, while WB20 had

the highest yield of 11.41%. THeear trend exhibited by samplesindicates that the

depolymerization rate of organic matter during the impregnation time affectezldhse of

volatile components during carbonisat[@d] and clear shows that increased ratio of KOH

cause faster structural disruptionof biomass components (lignin hemicellulose and

cellulose).

Table 4.3. Carbon yield andheir elemental composition

Sample | Yield (%) | C H N | O] S |HIC |oOIC
WB5 246 | 71.73 | 453 | 2.08| 20.56] 1.10| 0.75 | 0.21
WB10 502 | 7320 | 4.14 | 0.39| 21.75 0.52| 0.68 | 0.22
WB15 8.60 | 75.03 | 1.71 | 0.95| 22.73| 0.42] 027 | 0.23
WB20 9.70 | 65.26 | 3.89 | 0.79] 29.93] 0.13] 0.72 | 0.34

**difference
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Elemental analysis shadthat carbon content increakas the biomass to KOH ratio
increases. However, a decline is seen in WB20c¢h indicateghat the amount of KOH in
thebiomassprecursor will affect the transformation and release of elements in the biomass,
thereby affecting the carbd®4, 169] This goes to show thaven thoughKOH ratio
enhanced the biomas®nversion to carbgrthe carbon content will be affected due to
molecular disruption arising from depolymerisation of large molecules. Moreso, the high
carbon content of WB15 indicatdéisat carbon purity due to the graphitization of carbon
enhanced by thpresence of KOH in biomass precursbine decrease in WB5 and WB10
relative to WB15 may be caused by the highafd carbon's chemical reactivity, which
results in a reduced carbon contesimilar trend has been report¢a3, 32] These
differencesin elemental carbosuggest that an optimum ratio for biomass #€§OH is
requiredto achieve maximum carbon content.

Although the hydrogen to carbon (H/C) and oxytgeoarbon (O/C) atomic ratios give
a general idea of the quality of carbon (in terms of aromaticity and hydrophoHic#igo
givesan insightof the reactions during the proceBsom Table 4.3all samples had low
values. he values of H/C and O/C for the various samples implied that the mechanism for
MBCA includes dehydrogenation, deoxygenation, dehydration, and decarboxy&&jon
The significant H/C value for WB15 among the various samples suggedis tha
dehydrogenation reactiavas enhanced with a certain amount 6f&ll sampleshadsimilar
O/C ratio whichshowsthatdeoxygenation reaction was a dominant readti@spective of
biomass to KOH ratio
4.3.22. Carbon morphology

FE-SEM images fothe various bamboo shoots to KOH ratio derived carbon samples
areshown inFigure 4.4 All samplesshowedinterconnected porous shedte structures

with various poresizes The similar porous structure in samples suggests porous carbon
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couldbe obtained from biomass in a singlage thermal via MBCA. However, the biomass
precursor must contain the pdmrming agent, which will catalyse the situ activation
reactionswhile undergoing carbonisation at the same {ig23.

Furthermorethe differences in the exfoliation samples indicatethat theamount of
K* presentin the biomassprecursor would affect the intercalation of" Iduring the
carbonisation andkad to carbon lattice expansif#8]. WB5 depicted better exfoliation
compared with WB10, WB15, and WBZDhesedifferences in structure demonstistieat
in situactivation mechanism with KOH depends on the amount of Kit@ieverexcess
KOH will cause carbon to be etchedt from the carbon structure during carbonisation and

activation[32, 94]

Figure 4.4. SEM images of carbon at different biomass to base ratio (a) WB5 (b) WB10 (c)
WB15, and (d) WB20.
Moreso, the exfoliation in WB5 would increase its surface &esgerthelessWB15

hada bettera connectegbore structure, which would be an advantage for ion transport in
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EDLCs The unique structure in WB1&hows that using wet biomass and KOH before
drying allows fordevelopment ofunique porous structusein carbon sampleduring
carbonisation which resultBom pore formation from inside to outsidBlotably, the
different porousstructure incarbonsamplesshowsthat using wet biomasand different
ratios of KOH variable porous structure for diverse applications can be obtained from the
same biomass source.
4.3.2.3. Physisorption analysis

Figure 4.5 (a, b) depicts the> Ndsorptiordesorption isotherms and pore size
distribution for WB5, WB10, WB15, and WB2€arbon samplesAccording to IUPAC
classification, carbosamplegevealedtype | and IV isothermi Figure 4.5(a)this shows
that samples contain micropores and mesopd@s When the relative pressure was less
than 0.2, all samples displayed isotherm knee bend, indicating the existence of micropores
[100]. WB5 and WB10had desorption hysteresis, which reveals sampiag the more
preence of mesopores compared with WB15 and WB2@. differencen the adsorption
isotherms of WB5 would reflect its SSA as shown in Table 4.4. This result shows that an

increase in KOH enhanced pore development, affecting the surface area.
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Figure 4.5. (a) Nitrogen adsorptiondesorption isotherms of carbon samples at various

biomassto-KOH ratio, and (b) pore size distribution.
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Table 4.4. Textural properties of carbon samples

Sam ple SBET SBETmic SBETmeso Vi Vmic Da
(m2gh) | (m2gh) |(m2g?) | (em*g?) | (cm*g?) (nm)
WB5 1452.45 913.44 539.01 0.822 0.490 2.26
WB10 1267.89 | 1117.11 150.79 0.695 0.596 2.19
WB15 1367.82 | 1137.% 47.39 0.663 0.526 1.94
WB20 1295.03 | 1177.21 117.81 0.693 0.627 2.12

** Sger = BET Specific Surface AreaSsetmic = Micropore Surface AreaSsetmeso =
Mesopore Surface Area,:¥ Total pore VolumeVmic = micropore volume, an@®a =

Average Pore Size

From Table 4.4, SSAf derivedsamplesdecreasedavith the increase ifiomass to
KOH ratio, this showsthat the amount of KOHpresent duringcarbonisationaffecs its
reactivitywith carbon It alsoimplies thatincrease in the concentration of KOH in biomass
would result to increase in SS4iving room for determination of optahratio of biomass
to KOH for specific application WB5 had the highest SSM452.45m2 g') among all
samples, thigmdicateghat microporosityf carbon samplesan be increased thia specific
ratio of KOH[38, 94] Also, WB5 had the most significant pore volume of 0.82 giwith
asignificantratio of ultramicropores (less than 1 nm) compared with other samples whose
pore volumes were ~ 0.7 érgl. This showsthat the amount of KOH diffused into the
biomass before heat treatment would affect the pore structure of derived carbon. Furthermore,
the differences in average pore stfesamplesdemonstrates that the amount of KOH in
biomass will affect the collapse of micropof@30], affecting the pore size during the
activation These textural propertie€SSA and hierarchical per structure) arekey

requirenentfor supercapacitor electrodetive materigland furtheprovesthat MBCA can

be used to obtain carbon wisxtural properties for diverse applications.
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4.3.2.4. Structuralanalysis

XRD patterns of derived carbon samples depictedin Figure 4.6. The pattern
showed carbon samples had similar broad peak positionsdof 23 - 28¢ and 40 - 43¢
assigned to the (002) and (100) planes of graphitic and amorphous (disordered) activated
caibon with graphitic crystalliteE0]. The effect of biomass to KOH ratio was significant,
as WB15had a uniquepeak & 2d = 17eindexed to (001) plane of graphene oxide with
abundant interlayer spacinmked to oxygen groupg[171]. Further verification of the

carbonstructure wasonductedvith Raman Spectroscopy.
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Figure 4.6. XRD patterns oflerived-carbonvariousbiomassto-KOH ratio.

Raman analysis for various carbon sampleshown irFigure 4.7 revealed three
peaks. These peakgerecentredat 1350 crit for the D- band(attributed to the defects or
disorder of the graphitic lattice structyr&580-1600 cm' for the G band, the stretching of
C-C (sp hybridized carbowith the hexagonal latti¢eand 2600- 2900 cm' for 2D, G*
secondorder graphitic structure overtones and combinations of graphitic lattice vibration
moded172, 173] These peaks demonstratieat obtained carbon samples possess graphitic

structure with defects typical for most biomagsived carborf23].
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Figure 4.7. Raman spectra &VB5, WB10, WB15 and WB20 carbon samples.

Table 4.5. Peak psition of carbon samples

Sample Peaks and position

D1 D2 G 2D, G* lollc

WBS 1344.61 | 1534.12 |1598.41 | 2804.57 |0.84

WB10 |1348.28 | 1533.93 |1596.99 |2830.41 |0.84

WB15 | 1346.64 | 1515.21 |1590.89 |2856.53 |0.85

WB20 | 1350.73 | 1541.52 |1598.79 |2820.24 |0.85

According to Table 4.5yith theincrease irbamboo shoots to KOHhtio, the D band
position moves away from 1350 &mThis indicateshat amorphoustructureof carbon
samples increasesith increase iNKOH concentration[174]. The ratio of disordeto
graphitic band, generally referred to as thiéslratio is conventionally used to characterise
the degree of defectad graphitic structure carbon [173]. The calculatedd/|¢ ratio for

all samples was less than 1. Thus, samples are partially graphitized, which was enhanced by
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the presence of KOH during carbonisatibtowever, WB15 and WB20had the highest
value of 0.85 compared to other samples having 018d increased degeef graphitization
is due to the gradual thinning and looseninthefcarbordue to increased KOH ratiélso,
a lower b/l ratio represents a lower oxygen functional group in carbon sarfipigg
which is well agreed with WB5 in Table 4.3 with the O/C ratio. This result demondtrates
an optimumbiomass toKOH ratio is required withinbiomass components to obtain a
graphitized carbofP4]. Hence, using MBCA, a certain KOH concentration can be used to
control the graphitic structure of carbon generated from biamass

With the above characterisatiomtoomes: high SSA, its porous structure, and the
graphitic structure. The generated carbon samples were used as electrode materials in a
symmetric EDLC configuration to determine the optimum ratio with the most significant

specific capacitance.

4.32. Electrochemical performance ofderived carbon

The capacitive performance for WB5, WB10, WB15, and Wi#a6evaluatedising
cyclic voltammetry. Theywere examinedo know the sample with the largest specific
capacitanceThis was done tprovethe ideal smple ratioas modefor further investigation.

Cyclic voltammograms using different scan rdtmssamples ardepictedin Figure
4.8.All samples retained their rectangular shape without any redox peaksatsmall scan
rate of 5 mV &, indicating thatelectric doubldayer mechanism with no charge transfer
was dominant ircarbon samplewithin the cells[22]. This goes to show that capacitive

carbon can be derived from biomass using MBaproach.
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Figure 4.8.Cyclic voltammogram atariousscan ratesf (a) WB5 (b)WB10 (c) WB15,
and (d) wB20.

Figure 4.9 shows the computed specific capacitance for WB5, WB10, WB15, and
WB20 at various scan rateghe specific capacitance of all samples showedreasing
patternwith increasein the scan ratedue to ion adsorption limitations at the electrode
interface.This indicates thasamplegpossessigh capability ratevhich agrees with other
reports[175].

At 5 mV s, WB15 carbon had the highespecific capacitance of 327 F,gwhile WB20
had the least of 253 F'gThe differencsin thespecificcapacitance could only be attributed
to the hierarchical poroustructure within thecarbon sampless revealed by their

morphology (Figuret.4)will affect thediffusion of ionswithin the carbon structuid76].
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Figure 4.9. Calculatedspecific capacitance of cells at different scan rates.

At high scan rate (200 mV} all sampleshadspecificcapacitancgreater thari90
F g?, this high specificcapacitancealue for allsamplesshowsthat highly porouscarbon
can facilitataon storageThisresult alsshowsthat wet Moso bamboo shoots via the MBCA
process could yield carbon matertdlat can be applied as alternativelectrodeactive
material insupercapacitoapplication.

Based on the specific capacitanceVd@B15, the biomass to KOH ratio of I5 was

chosen for further analysis this research.
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4.4. Investigating the Effect of Cation in Molten BaseCarbonisation and Activation
Further research was conductedutalerstandhe impact of cationvia molten base
carbonisation and activation utilizing Moso bamboo shedtsthe optimum ratian section
4.3. Using the sample preparatiom section 3.5.1 potassium hydroxidevas change to
lithium hydroxide and sodiurnydroxide Thederivedcarbon samples weoharactesedto
learn the impact of cation on the carbgmopertiesand their capacitive performance

evaluatedn an EDLcapacitor

4.41. Samplepreparation
Sample preparation procedure outlined in section 3.5.1 was used. Tablow®he

summary ofprocedurevhile Figure 4.10 depicts the representation of samples.

Table 46. Summary of experimental procedure

Sample Mass _ratlg Alkali . Heating treatment
of cation: i Drying process
Name . infiltration temperature under Ar
biomass
Room
WB-K 1:15 temperature for 60 ecC 700 eC
hours
48 hours
Room
WB-Na 1:15 temperature for 60 eC 700 eC
hours
48 hours
Room
. f
WB-Li 1:15 temperature for 60 farza 700 eC
hours
48 hours

** K= KOH, Na = NaOH and Li = LIOH.OH, while WB= Wet Bamboo shoots.
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Shredded Wet
Bamboo Shoots

LiOH.OH

Figure 4.10. WetMoso tamboo shoamixedwith KOH, NaOHandLiOH.OH respectively

4.42. Characterisation for various cations

As seenfrom Figure 4.10, all samples, irrespective of the cation, had similar changes
in colour from white to yellowshowingthat similar oxidation reactions occurred with the
common OH anions. Hydrophilic OHanion will increasebiomass components' surface
polarity for depolymerisation and dehydration reactioMoreover, the cellulose's
intermolecular Hbonds will be broken more easily, resulting in the formation of a metallic
organic salt complex and anddtive speciesThough LIOH.OH is known to contribute
more OHion due to its hydrate form; it could add to the number of hydrates or remove more
moisture during drying. This characteristic could move the energy of reactions to an endo
or exothermic direction when subjectedncreased temperature.
4.4.2.1.Structural analysis

XRD patterns for WBK, WB-Na, WB-Li, and Untreated bamboo shoots are shown in

Figure 4.11. From Figure 4.11 (a), the broad cellulose peadatl5-23 e i n untr
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bamboo shoots, which depicts the amorprsiusctureof cellulose was decreased in WB

Li, WB-Na, and WBK linked to dehydration and depolymerisation reactifhia7].

Though WBLI kept the cellulose peak atf=15-2 3 ¢

a

s shown i nNaFi

gur

and WBK did not keep this peak. This shows that cations will affect the rate of

depolymerization in biomass components at room tertyretaAlso, this trend among the
cations could be linked to the mobility of their hydrated ions, since lithdumis the most

hydrated, a second hydration shell is most likely prd&&@®i, which will affect its reactivity

with biomass components. Furthermore, NaOH and KOH have been used for biomass pre

treatment, such as delignificatifli79], lignin activation and conversion using KQ180].
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From Figure 4.11(b), therystallinepeaksat2d=25-42 . 5¢ f or shawk | s a
thatintercalatiorof cationsoccurredwithin the structual componergof the bamboo shoots.

The result of this intercalation metallicorganic saltscompounds or complexes seen in

Figures 4.11(«). Furthermorepamboo shoots has been reported to cordaalic acid,

tartaric acid, malic acid and other organ acids [181, 182] which could result in
neutalisation reaction when it comes in contd@H and water

The possiblesalts formed include Di Lithium maleate hydratéCsH2Li204.H20),

Lithium  acetyl acetonate (CsH7zLiO2), Lithium nitrilotriacetate  dihydrate
(CsHeLisNOe.2H20) and Lithium hydrogen Lmalate(CsHsLiOs) for LIOH.H20. Sodium
malonate hydratéCsHoNaO4.H20), Sodium Hydrogen Tartrate Hydrg€sHsNaGs.H20),
Sodium methyl aceto acetat@CsH/NaGs;) for NaOH. Potassium citrate hydrate
(CeHsK307.H20), Potassium tartratelinydrate (CsHaK206.2H20), Potassium Hydrogen
Oxalate (C2HKO4) and Potassium hydrogen trimalaf€12H16K2015). This suggests that
depolymerisation decarboxylation, and dehydration reactions via bond cleaaage
neutralisatiorreactionsvereprominent at room temperatyte83].

Interestingly, the diffeences in thermodynamic properties of various hydroxides at
room temperature (25 é@fgnceds reaetinity before Aighb | e
temperature treatment. LIOH had the lowest enthalpy vahayingit is very reactive and
would release morkeat. This process could become interesting for energy recovery for an

integrated and circular plant design.

Table47. Ther modynamic data for Li OH184aq) , N &
Species Hfz Gfa Sfa Sfa
(kJ mol %) (kJ mol %) (I moltK™) (J moltK™)
LiOH (aq) |7(509.0 +3.7)|1(451.1£0.8) |1(194 * 13) 2.8+13
NaOH (aq) | T(474.3+1.8)| 1(4169+1.1) |1(192.3+7.1) |269+7.1
KOH (aq) |7(479.0+1.9)|7(436.9+2.3) |1 (141.0+10.0)|91.6 +10.0
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4.4.2.2. Functionalgroup analysis

Figure 4.12 illustrates the results of an FTIR investigation into the functional
modifications in WBK, WB-Na, WB-Li, and untreated bamboo shadf¢hen compared to
WB-K, WB-Na, and WBLI, the FTIR spectra of untreated bamboo shabtew high
absorption bands in a variety of functional groupse to their ions' affinityandstretching
vibration of OH groups and hydrogen interaction in hydrated state;Na@Band WBLI
broadpeak in the hydroxyl (35003300 cm') groupswerereducedAs opposed to WH.i
and WBK, the aliphatic peak2900cm™®) for aromatic compounds with oxgg-containing
groups in the biomass derived from lignin was significant in-M&185, 186] Also, it
reflectsthedepolymerizatiorof largearomatic molecules to lower cyclic ringshich could

affectits carbon properties.
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Figure 4.12. FTIR spectra of WEK, WB-Na, WB-Li, and untreated bamboo shoots
precursors
The bands between 1670 and 1440 ‘cascribed to carboxyl groupsCOOH, or
derivatives such as carboxylatg€SQOLi,-COONa,-COOK; or methoxyl groupsCOOCH

was present in all samples with \ANBa showingnotable changeThis result suggests bond
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breaking CO ends will be easier to break compared to the molecules with C=0 due to bond
energieg§187]. Also, theclearchanges in WBNa showsthe reactivity of sodium hydroxide
and lignin components in biomass compared with other cations. This behaviour could affect
the carbon properties and overall yie@htion interaction affected lower mass molecules
with aromatic structures (10@D0 cm?) ascribedto C-N/C-OH stretching vibrations in
samples, which facilitated depolymerizati@#B88-190]. The various functional changes
reflected by different cationsould affectthe conversion and decomposition. This is due to
the reactivity order of the various carbonates;>Cls > NaCOz > K>COz at high
temperatures due to their reactivity to release @@ CO[191]. Nonetheless, it has been
demonstrated that’khas a strong reactty with carbonat t emper at ures mor
causing the creation gbres in the carbon complgk74].
4.43. Derived Carbon Properties

To understand how the catioeffect onthe characteristics aderived carbonthe
derived carbombtainedfrom the various cations wasaracteriseds follows

4.4.3.1.Thermal analysis

TGA was used toharacterisearbon samples WAB, WB-Na, and WBLI, as depicted
in Figure 4.13Theinsignificantmass loss in all carbon samples beforedD®@as attributed
to moisture bonded to carbomhe mass | oss between 100 ¢t
degradation of carboxyl and quinone surface groups common to all samples. However, WB
Na had the highest mass loss compared with-Kv&1d WB-Li, showing it had more

carboxyl groups that were not transformed duringcdrdonisation
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Figure 4.13. TGA profilesof WB-K, WB-Na, and WBLi carbon samples

Between200t o 400 eC, gradual obbswedm/@gBsKsand i on
WB-Li. This temperature region corresponds to the decompositiork®b@upg192]. In
contrast, WBNa di ffers with a visible degradatio
WB-K and WB-LI. This behaviour for WBNa can be traced to its composition linked to the
reactivity of Nd with carbon and oxygen to readily form g@hich quicky decomposes
upon heating191].

From 500 to 800 °C, the progressive breakdown of carbon sampesalsthe
breakdown of various surface groups, such as pheaddoxyl quinones, hydroquinone,
ethers, and pyrone structurgl92, 193] Within this temperature, all sampletowed
similar trend which could be traced to the same functional groups resulting from the same
biomass feedstock and showshasC-O groups. It also suggests that certain functional
groups are not affected after carbonisation despite using different cations. The overall mass
loss of 11.66 % for WR.i compared with 24.34 and 50.10 % for W8and WBNa,
respectively, shows that thaton used for MBCA influences the thermal stability of derived

carbon due to its reactivity during carbonisation.
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4.4.3.2 Productsyield and elemental composition

The yield and elemental composition of WBWB-Na, and WBLi are given in Table
4.8. WB-LI had the highest yield compared with \WBand WB-Li. The lowest value for
WB-Na indicates delignification reaction from NaOH yields low molecular compounds that
areeasily volatilized at elevated temperatuf23]. This also indicates that NaOH reacted
with other biomass components yield NaCQOs, that quickly decomposes at elevated
temperature§l91]. This yield supports the functional chasgeenin Figure 4.12, where

WB-Na displayed more obvious changes than-WWBnd WB-K.

Table 48. Carbon yields and their elemental composition

Sample | Yield (%) |C | H N S [o~ [HIC [oOIC
WB-Li | 8.84 73.86|2.702 |2.20 |0.035|21.20 | 0.44 |0.22
WB-Na | 4.39 71.27/1.988 |0.77 |0.223|25.75 |0.33 |0.27
WB-K | 8.60 75.03| 1.714 | 0.95 |0.252|22.73 |0.27 |0.23
*PB 28.00 58.56|1.95 |4.14 |048 |34.19 | 040 |0.44

**difference, * PB= RureBamboo shoots

The elemental analysis reveals WBhad the highest carba@ontentcompared with
WB-Na and WBLi. This result showshat thereactionof KOH with biomass components
and carbon increased the rate of deoxygenation and decarboxylation setctemove
oxygen and hydrogesimilar behaviour for KOH has been repoifigd, 194] On the other
hand,NaOH, slows theateof deoxygenation, with WiNa havingabundanbxygen.This
could belinked to the sodium carbonate compounds forrfredn NaOH interaction with
components and carbdrurthermore, this resudtgrees withtie TGA curve in Figure 4.13
where WBNa hadthe highest mass loss linkedhigh oxygen content.

Comparing the H/Qatios, WB-K had the lowest valueThis showsthat KOH

enhances graphitisati@mompared ttNaOH and LiOH.HO, which resultsto better carbon
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aromaticity. However, the low O/Catio exhibited by WBLi shows that LiOH.HO
enhances oxygen reductiagesulting to an increase in carbon hydrophobicity, whigm
agreenentwith the TGA plot in Figure 4.13These low H/C and O/@atiosimplies that
decarboxylation, dehydrogenation, and deoxygenati@me predominantduring the
conversion process:urthermore, this resukhowsthat the reactivity of cation affects
carbon etmental composition despite having a common anion. These various elemental
compositions in carbon samplalikely to affect carborfunctionality.

4.4.3.3.Carbon morphology

Figure 4.14 displays FEEM images of WEK, WB-Na, and WBLiI (a, b, and c)
and pure bamboo shootsrom Figure 4.14, a welldeveloped interconnected shéike
porous structure is seen in samples. Contrastipggbamboo shootshowa nonrporous,
densely packed shelte structure. The porous structure in Y8 WB-Na, and WBLI
shows similain-situ activation occumd with various ion types during carbonisation.
However, the differences ime pore structurevere affected by the reactivity of various
cations (Li, Na, and K) to release volatiles ed¢vated temperaturegurthermore, the
micropores are linked to the reactivity of metal ions with @3yenerate MC&(where M=
Li, Na, and K). The decomposition of the various carbonate€£ @i NaCOs;, K2COs)

resulted in micropores during thvesitu activation procesg32, 195]
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Figure 4.14. FE-SEM micrographs (a) WE (b) WB-Na, and (c) WBLI, and (d) pure
bamboo shoots carbon samples
The tightly packed sheet structure for pure bamboo shoots after carbonisation in

Figure 4.14(d) confirms thatinimalamount of hydroxidenixedwet biomass before drying
and carbonisation would yield porous carbon in a sisgiige thermal process. This is due
to the intercalated ion and oxidation reaction that creates vacancies in the biomass structure.
Significantly, the different ion sizes affected pore structures and carbon morphology, thus
giving rise to micropores and mesopores, especially inN#BNotably, WBK showsa
betterconnected pore structure, traced to KOH activation reactions shown in equagions 4.
to 4.7.The hierarchical porous structurecarbon samples anadvantage for ion transport
and electrolyte adsorption, during the chadggeharge operation.
4.4.3.4. Physisorption analysis

The microporous structure of carbon samplasfurther investigatedsingNitrogen
adsorptiordesorption testasdepictedin Figure 4.15All carbonsamplesexhibitedtype |

isotherm with steep adsorption at relative pressure)BfR 0.1, which denotes abundance
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of microporeg100]. The presence of an H¥pe hysteresis loop in WBi between0.4- 0.6
relative pressure implies the presence of mesopores in ¢arbmlar mesopores for biomass
carbon has bearported112, 196] Due to the presenad metallic cations, various carbon
samplesshowed different microporous structures during the carbonisation iasdu

activation processe$he detailed texturalrppertiesare given in Table 4.9.
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Figure 4.15. (a) Nitrogenadsorptiordesorption isotherms, and (b) pore size distribufbon
WB-K, WB-Na, WB-Li and Pure Bamboo shod®B) carbon samples.

Analysing the pore size distribution in Figure 4.15(b), WBeveals a high presence
of ultramicropores (> 1nm) and microps pores (> 2 nm) compared with WBand WB-
Na. However, WBNa displays a better uniform distribution for mesopore. This could be
traced to the reactivity of Naons with the volatile gases generated during the carbonisation
and activation. Also, at elated temperatures and vapour states, the atomic radfi areK
smaller than Naand Li" [184] which would affect its reactivity, and influence the textual
properties of carbon leading to micropores.

Furthermore, WBK shows the most significant SSA of 1367.82 mitgmpared with
872.62 and 955.36 m2'dor WB-Na and WB Li, respectively. This resufirovesthat cation
will influencethe SSA of carbon, resultifgom its reactivity and release of volatiles to
generate pores at elevated temperatures. Also, this result further demonstrates why KOH has

beenused for biomass activation over the yg@3, 88] Comparing theS S A 6 satioo f
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derivedsamples wittthat of PB(0.58m? g*), shows that temperature alone will not cause
generation of pores in carbon sampkgt temperature coupled with activating agent results

in the generation of pores.

Table 49. Textural properties of carbon sampfesm various cations.

Sample SBET SBETmiIC SeBETmeso | Vit Vmic Da
(m2g?) | (m2gh) | (m2g?) | (cm*g?) | (cm*g?) | (nm)
WB-Li 955.36 | 775.394 | 179.964| 0.566 0.392 1.79
WB-Na 872.62 | 694.748 | 177.868| 0.475 0.371 2.18
WB-K 1367.82| 1137.955 | 47.394 | 0.663 0.526 1.94
PB 0.58 0.59 0.0 0.00 0.000 6.82

** Sger= BET Specific Surface AreaSsetmic = Micropore Surface AreaSsetmeso =
Mesopore Surface Area,:¥ Total pore VolumeVmic = micropore volume, and®a =
Average Pore Size

The highratio of micropores in WBK will be an advantage for ion diffusion and
electrolyte transportyhile the largeSSA inall carbon samples wiupplylarge adsorption
sitesfor activatedons
4.4.3.5. Structuralanalysis

Raman spectra for WK, WB-Na, and WBLi are shown in Figure 4.16. All samples
showed3 visible peaks for a graphitic carbon, explained in section 4.3.2.4. The ratio of D
and G bands fllc) used to predict the presence of defpoesent irsamples wadetermined
to be 0.845revealingthe existence of graphitic crystallites in all samsplEhisshowsthat
WB-K, WB-Na, and WBLi-derived carbon partiallgas sp* carbon with defects. Though a
high degree of rarbon translates to a level of electrical conductivity for biordasived

carbon with KOH23].
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Figure 4.16. Raman Spectra &VB-K, WB-Na, WB-Li carbon samples
4.44. Electrochemical performance of derived carbon using various cation

The electrochemical performance\@rious cation derivedarbon was tested using
cyclic voltammetry evaluatedvith symmetric cellausing6M KOH as electrolyte. Figure
4.17 showsoltammogramsor WB-Li, WB-Na, and WBK at a scan rate of 20 m&#, with
samples displayinguasirectangular curves like the ideal capacitor curve without visible
redox peaks indicate of EDL mechanism within the cell. WK and WB-Li exhibitbetter
capacitive behawur compared with WBNa. However, the pseudoapacitive element

displayed by WBK and WB-Li would contribute to their capacitance.
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Figure 4.17. Cyclic Voltammogramdgor WB-Li, WB-Na, and WBK.

The calculated specific capacitance was 306198,22, and 186.98 F'gor WB-K,
WB-Na, and WBLI, respectively. The excellent performance for WBs linked to its large
SSA(1367.82m2 gt) and porous structure, shown in Figure54This resulprovesthatthe
cation influences the SSA and porsizes of carbon sampke so affecing its specific
capacitance despiteeing derivedrom samebiomass precursor.

Further investigation, usindifferent scarrates, shows that samplkspttheir EDL
properties without redox peak&ccording to Figure 4.1@8), the specific capacitance of the
samples decreaseas the scan rate increases; \WBdisplayed the highest specific
capacitance at each scan rateis behaviour is linked to its significant SSA and hierarchical
porous structure, illustrating that carbon properties will influence its electrochemical
performanceNotably, this resukhowsthatirrespective of the cation used MdBCA with

samebiomas sourcecapacitive carbon will be obtained.
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Figure 4.18. Cyclic Voltammograms atlifferent scarrates for (a) WB-Li (b) WB-Na (c)
WB-K, and (d) Calculated Specific Capacitance of WIBWB-Na, WB-K at different scan
rates.

From the electrochemical performance, the outstanding performance ek WB
compared with WELi and WB-Na is attributed to its larg@SA coupled with a hierarchical
porous structure. The result shows that using the wet biomass route with various hydroxide
cations, the carbon properties of the same biomass precursshewltifferent properties,
soaffecting its performance in a specific application.

Based on this result, further investigations based on KOH easr@ductedn this research.
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45. Biomass Response using MolteBase Carbonisation and Activation
Establishing thatIBCA is aroutefor praducing porousarbon in sections 4.3 and 4.4.
The process mechanism was investigated on wet Moso bamboo shoots and Radish compared

with their respective pristine biomass

45.1. Samplepreparation
Using the method for preparing samples outlined in Section 3.5.1. Table 4.10 offers a

summary of the procedure.

Table 410. Summary of experimental procedure

) Heating
) Mass ratio .
Pre-drying N Drying treatment
Sample Namg of KOH: | Conditions
process _ process temperature
biomass
under Ar
60 (
PB ¢
for N/A N/A N/A 700 e
24 hours
Room
60 eC
WB N/A **1:15 |[temperaturg 700 e
hours
for 48 hourg
60 ef
PR for N/A N/A N/A 700 e
24 hours
Room
60 ef4
WR N/A **1:15 |temperaturé 700 e
hours
for 48 hourg

N/A = Not available,**PB and PR are dried biomassprecursorsbefore the
carbonisation procegsr Moso bambohoots andRadish respectivel\WWB and WRare
wet Mosobamboo shoots andadishmixed with KOHbefore drying The mass ratidor
KOH to biomass was choses aptimum raticaafter several trialand applicatiorof derived

carbonas shown irsection4.3.
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45.2. Characterisation of derived carbons
The various carbon obtained fronet biomass precursawith KOH, compared with

untreatedsamplesvere characterised using the nomenclature mentioned in Table 4.2.

4.5.2.1. Carbon yield and elemental composition

The percentage yield oferived carbomand ultimateanalysisaregivenin Table 411.

Table 411. Carbon yields and elemental composition

Sample | Yield C H N S O** H/C o/C
(%)

PB 28.00 58.56 | 1.95 414 | 0.48 | 34.19 | 0.40 0.44

WB 8.60 # 75.03 | 1.71 0.95 | 0.25 | 22.73 | 0.27 0.23

PR 30.69 60.04 | 1.57 3.07 | 0.57 | 34.75 | 0.31 0.43

WR 5.30 # 66.87 | 2.20 0.62 | 1.09 | 29.22 | 0.39 0.33

# Dried content aftemixing with KOH, **difference + 0.02

From Table 4.1, PB and PRhad higher carbon yieldcomparedto WB and WR,
respectively. The low yield in WB and WR demonstrates that the presence of KOH
contributes to the fastdireakdownof volatile componentsand loss of carbon during-
situ activation, which did not occur in PB and PR. In particular, the low foeM/R (5.30 %)
compared with WB (8.60 %3 linked to its biomass composition. Bamboo shoots belong to
lignocellulosic plants, whicthave high lignin, while radish is noefignocellulosic, this
difference will affect their carbon yield. Notably, most exigtliterature do noshowthe
carbon yield after the activation of biochar for feedstock (biomass) precursor. Therefore, the
yield for this novel approach will be a starting point for further investigation.

Table 4.11 displays the elemental analysisawsbon samplewith the four essential
elements (C, H, N, and O), eliminating trace elements like silicon, magnesium, and

aluminium, which make umost of theash.WB had a carbon content of 75.03 %, which
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was highethanthatof PB (58.56 %). Moreover, WR (66.87 %) had a higher value than PR
(60.04 %).The increase in elemental carbon compared to 39.31% (bamboo shoots) and
33.92 % (radish) precursors (Table 4sBpwsthat carbonisation of samples had occurred.
Also, the increased carbon cent shows that KOH enhanced the graphitisation of carbon,
as seen in the various samples. Moreover, WB and WR had the least amount of oxygen
compared with PB and PR, respectively. This result reveals that KOH within the structure
of the component enhancel@oxygenation reaction during carbonisation, while the high
oxygen content WR is traced to its precur§ags].

Comparing the H/C and O/@tiosfor PBandWB, the lowervaluefor WB showsthat
the presence of KOH improved the aromatichlydrophobicity,and norpolarity. This
suggests tha€OH and water interactiobefore drying the bambahootsncreasedhe rate
of decarboxylation, and recombination of reactive spatigifg carbonisatiarin contrast
the H/Cratios for WR increased compareth PR, which further reflects thatlifferent
biomass will react differently with KOlduring the carbonisatioffhe low O/C in WRand
WB shows KOHpromoteshe rate of dexygenationwhich reduces the hydrophobicity of
obtained carbon.
45.2.2. Thermal analysis

TGA profiles for the derived carbe(PB, WB, PR andVR) are shown in Figure 4.19.
It proveshow carbon samples decompose as temperature increases, linked to some surface
groups (carboxyl and quinone) generatedsbynevolatiles. All sampleshadinitial mass
| oss between 50 to 100 eC i s [Thesinkl&aphtetn® b o u
for WB, PR andVR indicateghatsimilar volatile compounds are present in the carbon. The
deviation in PB can be traced to the composition of bamboo shoots and the carbonisation

temperatureshowingthat certain organic species are still present.
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The similar decomposi t ifooG=O buddcengeoepd92], 04 . 1
indicaesthat similar surface groups are present in carbon sanhidegever,PB refleced
the higlestreleaseof these surface functional groups, which could be linked to the biomass

precursor and carbonisation temperature.

Figure 4.19. TG curves for PB, WBPR,and WR carbon samples

Bet ween 400 and 800 eC, al/l s idigativeeos e x p
carboxylic groupspresencewhich are volatile carbon components at high temperatures
[198]. The less mass loss in WB (24.01 %) compared with PB (27.40 %) showéBthe
carbon had fewer volatile componentshowing KOH promoted deoxygenation and
decarboxylation reactions in WB. Contrastingly, the more significant mass loss in WR
(39.24 %) compared with PR (17.10 %) shows KOH promoted dehydration and hydrolysis
reaction in Rdish this behaviour is supported by Figut.26 (b)These results suggest that
different wet biomass sources with KOH will react differently based on their inherent
composition. The obtained carbon wihlave different surface functional groups and
influence their thermal stability. TGA pattereshibited by samples are similar for biomass

derived carboiil64]. Theinformation derived from the TGA analysis reveals that WB had
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