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ABSTRACT

Undestandinghe release mechanisfipotassiumK) is crucial in tacklirgkali metal
inducedash problemduringthe combustiomproces®f biomassThis thesis focuses on
enhancinghe knowledge on the release mechanism of potassium experimentally and
developing a model to prediut release profiles of potassium compofnoeisbiomass

In the beginninght thesisinvestigate the thermal characteristics of biomass and its
major chemical components in a thermogravinsetalyse(TGA). According to the
tests, the thermal conversion process tofalebiomass and be predicted through the
analyse of artificial biomass, which is the mixture of major chemical comp®hents.
resultsllustrate the feasibility to use major chemicapanents as initial inputs in the
biomass combustion modBiomass combustion experiments weraperformel in a
hightemperature furnadmlance system (FBS). The results revealedhéhfal
temperature affects thetkansition the most. ¥@r 60% of the initial Kvaslost as the
final temperature increased from 3@ 1000 . The heating rate affects the K transition
during combustion by influencing the datiigsation of volatile mattezlated K and the
gructural changes of particleeeThigher the heating rate, the morasel®f K.The
developed kinetically controlled model was validated artd eséthate the release of
different K compounds under different scenaribs. résults indicatbat KCI is the
major compounckeleased #be early stagg combustion, followed by KOH akdSQ..
Analysing theeaction path of K reveals that KO and K&e the mostritical
intermediate species duricgmbustion. The initiadoncentratiorof Cl significatly
affectsthe release of maj@pecies: KCI, KOH, HCI and.BQ; while he initial
concentratiof Scanaffectthe release of KOH and.8Q, at high temperates The
existence dD; in thesystem favours the formation of KO and X&nd thus to control

the release of major K species
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CHAPTER 1
INTRODUCTION

1.1 Background

Global rapid development has increased the energy consumption by approximately 165%
since 1970; various kinds of sources are used to generate energy, yet the way in which
energy is generated fraraditionalfossil fuels remains predominantly unchafijed
Because they atheap, efficient and reliable source of ensvgyenionalfossil fuels

supply more than 70% of the world energy def2iridowever, the high demand for
energy has rdged in a rapid depletion of energy sources, which has led to a worldwide
energy crisis. It is anticipated that these fossil fuel sources will deplete within the next 40
years for oil and gas, and within 100 years fof3¢oBhe energy crsihas become
increasingly serebecause of thaassie consumption of nerenewable fuelBesides

the large consumption of traditional fossil fuels has caused a 125% riseriel@eergy

CO, emissions during the same period with emissions reaching a historic high of 32.5
gigatonnes in 2020D18[4]. The enormous Cmission as greenhouse gas (GHG) is

one of the main reasons that cause the current global winidgder these
circumstances, it is imperative to find alternative renewable smeogs to ease the
dependence on traditional fossil fuels and to reduce t8®©nenission. Currently,
renewable energy provides over 10% of world energy[8l@nigl the renewable energy
resources thareused worldwide are wind enggplar energy, hydro energy, geothermal
energy and biomass endify Their contribution to the total world renewable energy

consumption is summarised in Figure 1.1.

u Bioenergy

u Hydropower
Wind
Solar

® Other

Figure 1.1 Different fuéisontributiors to theoveral renewable energy consumption. (adapted
from [8])
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1.2 Biomass energy

As shown in Figure 1.1, bioenergy contributes halfeo€urrent renewable energy
consumptioramong the renewable energy souesesbit igpredicted to be the largest
source of growth in renewable consumption over the peric@223[8). Bioenergy is

the energystored in biomass resources. As reported by Shafiee et al.[3], the world
bioenergy potential is approximately 1700EJ/y from wood and 1200EJ/y from
herbaceous planf8], which made the forest-pyoducts (i.e. branches, bark, sawdust
and shell) and agricultural crop residues (i.e. straw, dalks)dbusks) are among the
most used resources for bioenergy today and supply the most of the biomass

consumption.

Biomass is defined as any organic matter which is derived from plants, animal materials,
organic industrial and human and animal sy&a6tel 1] According to its definition, there

are various kinds of biomass resources such as prodpeotgluzys and residugem
agriculture, forestry ef@é2] Biomass is a sustainable and clean energy doerceits

unlimited supplyes people can always grow agricultural produttsems, wassavill

always exist, anceie makdoiomass an easily accessible and affordable energy source for
most parts of the world.3] Also,the thermal treatmerdf biomasswill addno extra

CO; to the atmosphereompard to the use of traditional fossil fuels (e.g. coal, natural

gas and petroleum) when neglecting the transportation and processisgtistef€

produced from fully combusted biomass is equal to the amount which was taken from
the atmosphere during the growing stage of plants an{iréd$in fact, biomass

source has great potential to repldeetraditional fossil fuel, as it shares many
characteristics with fossil fuels, whindans thahe existingcombustion apparatus for

solid fossil fuels can also be used for biomass feedstock, and this could save a great deal
of time and money in not having to redesligrboilers. Furthermore, the most used
lignocellulosic biomass is not part of the humandioaith; therefore, its use for energy

does not threatenl5t he worl dés food suppl:

Biomass can be converted to fuel energy by numerous methods such as pyrolysis,
gasificatiorandcombustion, among which, direct combustion armbribustion with

coal for electricity and heating production from biomass materials have been found to be
a promising way for the near fut[ir®] Despite its renowned advantages such as high

energygeneration potential and @€@utracharacter, thermal conversion of biomass for
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energy production remainhallenging for several reasons. The challenges include its low
energy density, collection, transportation and storagdl1dgspelleting and milling,

firing and cdfiring technologies and as#ated problems that occur both during and

after the thermal conversion procgs] Among these issues, @slated problems

during the thermal conversion process iretee most challenging problem for the
generalise of biomad49] As shown in gure 1.2in atypicalindustrial planthe ash
relatedissus that happened in the firing systeciudealkakinduced slagginghich

can limit the heat transfer and thus reduce the boiler eff{@@nz¥]corrosion on the

boiler surfaces which is caused by the accumulated ash underneath the slagging deposit
[22, 23] andash agglomeration and fusgirenomena inside the bo[24, 25]
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(pictures artakenfrom [24, 2628)
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The severity of agklated problems depemdesty on the fractions of alkali metals and

other inorganic elements, such as Cl and S in the virgin biomass that are transferred to
the vapour, and the fraction that remains in the solid pr{eRicthese issues become
particularly extreme when utilising herbaceous and agricultural residues (straw), fast
growing norfood crops and wood species, which contain high concentrations of alkali
metals, Cl and[S0}]

Previous studig81-39] are mainlffocused on the release behaviour of alkali metals
during the thermal conversion process of bioinaspreheated reactor at temperatures
around 100 .Onlyafew studies have attempted to ingagt the release behaviour of
alkali metalfom biomass that thermally treatéth different operating conditiof®,

41] Still,theseesearch were not designedtudy the influences @perating factors on

the release of KThere isa lacking of study regardingw the change of operating
conditions affect the remabehaviour of alkalietalsasthey carsignificatly affect the
compositions and properties of thermal conversion of biomass and thus manipulate the
release behaviour of alkali mg#2$ Besides, thieansformatiorof particle structural
during the thermal conversion could also affeaethase fatef alkali metal, buhis

kind of information is seldom reported eitivdoreoveronly several attemp{d3-46]

have been carried awt develop a modéb predict the released amount of elemental
alkali metals fromidimass; however, thase equilibrium based and mainly focus on the
prediction of the total amount of released elemental orcaitiali metals. There is an
urgent needo develop a kinetically controlled model, whichpcavide dynamic
information onthe release behaviour of K and to predict the release of different alkali

metal compoundemperature/tim@&ependently

As the thermal conversion of biomass is a promising energy supply method, better
understanding the release mechanisms of alkalicaptpi®vide useful information to
control the release of ash compounds. Moreover, the prediction of their release profiles
using modelling tools can help us to make a quick judgment as to what extent different
alkali metals species would be released gashghase, and thus will provide crucial
information to enhance apparatus design and to control and mitigatertlatesh
problemsilt is anticipated to offer insights of knowledge for guiding the development of

ashproblemfree biomass combustion teologies as well as prolonging the service life
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of biomass boilers, with interests of making the biomass energy more economically

competitive and environmentally friendly.

1.3 Project aims and objectives
This work airs to improve and extend the investigatiotthe release mechanism of K
during combustion of biomass via experiaienethods and the development of a
kinetically controlled model that can be used to predict the release profiles of different K
compounds under different circumstances. Seialabjectives are defined to address
the aim of this research:
1 Investigate the mutual interactions among cellulose, hemicellulose and lignin during
the combustion process in controlleddehle experiments.
1 Quantify the K ontent in the solid residues obéal underdifferent combustion
conditions experimentallyand characterise the ash residues uosimghology
method
1 Develop a ketically controlled model to predict the release of different K
compoundsluring biomass combustion.
1 Use thedevelopedanodelto determine thenfluenceof combustion conditionsn
the releasgrofilesof different K compounds during the thermal conversion process

of biomass.

1.4 Summary of thesis outline

The outline of this thesis, including a brief description of each ceaptarded below:

Chapter 2This chapter presents a critical literature review undertaken on biomass sources,
combustion of biomass and #ssociatedshrelated challenge. The existing knowledge
available on the experimental and modelling study on the release mechanisms of ash

related elements is then reviewed, followdtelghetails of gaps in the research

Chapter 3This chapter first describes tlaw materials, experimadevices and analysis
methods used in this study. Secondly, a detailed explanation of the development of the

kinetically controlled model is provided.

Chapter 4.This chapter demonstrates the experimental study on the combustio
characteristics ofajorchemical compositions of biomass and then compares the thermal
behaviour of artificial and natural biomabke experimeatdataareused to investigate

the influencef interactions among major compositions on the combushawider of
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biomassAn evaluation is made of the feasilitityse the major chemical compositions
as initial inpuin the model study

Chapter 5This chapter provides the results of experimental tests of the release behaviour
of K and ash characterisation from the combustion of wheat straw via adessjoed

reactor. The tests are carried out with different operating fho@ireemperaturand

heating rate), in order to assess the influence of operating factors on the K transition
performanceluring the combustion process.

Chapter 6This chapter provides theodelprediction of the release of K compounds
under different final temperatunga the deeloped twestep kinetic model. It then
discusseshe transition routes among the different K compounds at different final
temperatures.

Chapter 7In this chapter, thenodelpredicted results of the release of different K
compounds with the d&rent initial Cl and S contents are presented, along with the
change of transition routd$e influencef changing of initial Cl and S contents on the

release behaviour of K compounds duhegombustiormprocesssthen discussed

Chapter 8This chater illustrates the prediction of the release of K compounds under
the condition of combustion and pyrolysis, as well as comparing the transition route
within different temperature ranges. The discussion about how the existeaffeadsO

the release behaviour of K compounds during the thermal conversion process is carried

out afterwards.

Chapter 9This final chapter displays the main conclusions for the experimental and
modelling atcomes of this PhD work. Thengitves suggestiaand recommendations

for future research.
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CHAPTER 2
LITERATURE REVIEW

This literatureeview chapter firstly desashgnocellulosic biomass, its composition and
chemical structure. Secondlyntroduces the most used technology to utilize biomass
resourcedt discusses the astlated problems thatecaused by the usage of biomass
materials, and the importancettalg the release mechanisms ofealsited elemenis
provided. Then, this chapter critically reviews the existing knowledge available on the
experimental and modelling study on the release mechanisrnslafetklements. The

final part will illustratthe research gap and the areas needing attention.

2.1 Lignocellulosic biomass

Biomass is defined as any organic matter, which is derived from plant and animal materials
such as crops, wood, material left over from agricultural and forestry procesges, orga
industrial, and human and animal wikfeBiomass contains varying amounts of organic
materials, likeetlulose, hemicellulose, lignin and small amounts of lipids, proteins, simple
sugars and starches. It also contains inorganic corstitihett represents afdrming
components, like alkali and alkaline earth metals (K, Na, Ca §2gGAgp and Si, as

well as moisture. Among the organic compouwetlslose, hemicellulose and lignin are

the three main constituents in biomass; they are strongly intermeshed and bonded inside
the biomass materifily The combination of cellulose, hemicellulose and lignin are called
olignocellulosed, |ignocellul osi c,anfdi omas ¢
et al) is the most abundant carbohydast&arth[3]. Thus makingt one of the most

promising biomass sources to use as fuel and has been studied in detail.

Cellulose is generally the largest component of lignocellulosic biomasseadrnith p
4050 wt% of the biomass. It is a lastwain polymer with a high degree of polymerization
andmassie molecular weight. It isliowed by hemicellulose, which is a macromolecule
constructed from different sugars and normally occup#s 2% of the biomass.
Lignin uswally presentabout 2685 wt% of the biomass; is an aromatic polymer
synthesized from phdpgsopanoid precursors and agsa cementing agent for cellulose
fibres holding adjacent cells togetfier46]. As cellulose, hemicellulose and lignin

account formostof the biomass magseir thermal properties directly influence the
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thermal behaviour of lignocellulosic biomass. In addition, their thermal characteristics
[5, #10]are summarised in Table. 2% indicatedgellulose and hemicellulose mainly
contribute tothe release of volatile matter durihgrmal conversion, while lignin
controls the formation of char.

Table 2.1 Thermal characteristics of cellulose, hemicellulose and lignin

Cellulose Hemicellulose Lignin
Initiation of pyrolysis 277357 152352 252502
Major products Liquid tar Gas+ relatively lessta  Char

2.2 Combustion of lignocellulosic biomass andelated challenges

Biomass can be converted to energy by means of conversion technologies, i.e., pyrolysis,
combustion, c@ombustion and gésation, among which, direcombustion of

biomass is the most mature method and the only provewoltephto utilize biomass

for heat anghower production in the ndature[1, 11, 12Besidesbiomas shares many

similar characteristics to thadesolid fossil fuels like cptiereforethe currensolid

fossil fueltreatmenftacilitiescan be slightly modified or directly usettdatbiomass;

this could save lots of time and costs to redesign and rebuild the devices. Currently,
combustion of biomass is responsible for
[13] Howeverseveral challengesstri¢ its comprehensivesage when burning the
lignocellulosic biomass, i.e., -preparation of biofuel (collection, transportation,
leaching, pelleting and milling), energy efficiency, firing dimthgcdechnologies
(injection cfiring, cemilling, pregasification cdiring, etc.), and asklated problems

that happen during and after the combu$fidn15]

Among the discussed challenges when utilizing biomass, smlrredated issues (i.e.
slagging, agglomeration and corrosion) remain as the most intractablg Jfpdnbein

restrict the comhensive usage of biomaafthin the combustn stag, the slagging
phenomenoon the heating sudas inhibit heat transfer by increasiegmal resistance

and decreasing its absorptioragliatior{16]and would thus reduce the boiler efficiency

[17, 18] Moreover, the accumulated ash on the tube surfaces can result in the corrosion
underneath the depofi©-21] which could further damage the boiler and costtmore

fix the device. Alongsiddagging and corrosion, the aggi@tion phenomenon also

remains aignificanthallenge ibiomass combustipasit can lead to the unscheduled
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shutdown of the entire power pl§2ai-24] The agglomeratias usuallgaused by the
acumulation of low meltiqgpint ashes, as wellitsreactiomwith Si and Ca to generate

more lowmelting kSiCa salt and adhere together via molten [2igsz5, 26 Besides,

the condensed ashn increase the fine solid fraction, which accumulates in the grate and
then causes sintering, affecting the conversionbedheestricting the effectiveneks

the boiler and negatively affect the appropriate contrgastous emissi¢a7-31]
Additionally, partial of the fine ash particles can end up being released as aerosols to the
atmosphere, leading to the respiratory did@2s&3]

During the combustion process, dferementione@sh related problems are mainly
caused by the release of inherent alkali metal content from biomass. Alkali metals undergo
a series of complexeaghical reactions and transformationthedreleased as gaseous
products. After release, the flue gas starts to cool down, leading to part of the alkali metal
aerosols to grow and form submicron ash particles via the routes of nucleation,
adsorption, corehsation, and chemical reaction. The submicron ash particles could then
condense on the surfaces of the heating area and form the first layer of sticky slagging
through thermophoresis and turbulent diffusion. The initial sticky layer can act like an
adhesie that captures the subsequent fly ash and adherent to the heating®yrfaces
35] Moreovey partial of the alkali metal aerosols could also condense on the surface of
the fly ash in t boiler and either form a sticky layer to the fly ash or formétimg

species through the reaction with.$l@]and FeO; [35] which are contained in the fly

ash. Furthermore, partial of the alkali metal aerosols can fetemjosvature eutectic
mixtures, like KCI + BSQ, thatcan meliat 550 [36]and become part of the sticky

layer. Afterwards, the formed coangas$h, with or without theaémentioned sticky

layer, wilbe deposited on the surface of thetiegismitial layer of sticky slagging via
inertial impactiof37, 38] Once the initial slagging laigemo longeadhesive enough to
capture and hold further fly ashnew sticky slagging layeforms, which mainly
contairs submicron ash patrticles taeg enriched in alkali me{dk] Subsequently, the
accumulated submicron ash ipke$ and the captured coarse ash patrticles lead to the
formation ofanoverlapping muHayered structufd8] Alongside acting as a supporting

role in the formation of mulkayered slagging, the alkali metals can also play a role to
cause agglomeration when borad with Si@during the combustion process. Aside

from inducing the slagging, there is also partia alkali metals could react with SiO

in the fly ash and generate molten silicates. As a result, theseihgtemekrature
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K-Si species cae formed on the surfaces of bed particles via the reactions with gaseous,
aerosols or even liquid K compourBissidestheoccurrence of agglomeration during
combustion is also related to the direct adhesion of bed particles through the partial
molten astderived KSi particle/droplef39, 40] According to the above mechanisms, a
schematic of the condensation of alkali metal (K) during the comlmigdtiomass is
illustrated in Figure 2.1.
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Figure 2.1 Condensation of K during biomass combustion

In conclusion, thestease of alkali meta the main reason that catiseserief ash

related problems during the combustion process of biomass, accompanied by the release
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of Cl and S content and the inherent Si content. Therefore, the release mechanisms of
alkali metla have been studied intensively, with the aim to better understand and control
the ashrelated problems. Among the release of alkali metals, scholars are redre focus
on the investigation of the release of K and Na content from biomass samples, especially
the release of K contesit there immuch higher concentration of K in the biomass than
that of Na Figure 2.2 summarighe K and Na content in the different kinds of biomass
sourcesAs we can see, K content is higher thahdf Na content ithe ashanalysis

andthis could resulin more severely-khduced ash problems. Normally, K is a crucial
macrenutrient for growing planfd1] especially ithewoody and héaceous biomass,

which consistof 0.4 wt% and 1.3 wt% of initial K content, respec{#@2]yMore than

60-90% of the inherent K content in woody biomass and over 50% of the inherent K
content in herbaceous biomassldde released after complembusion at a final
temperature over 900 [4345] By contrastNa is not an essential stimulamttfe

growth of plants and can be toxic with higher concentrgddihsBesides the
concentration of K is around one to two orddrsagnitude large than that of 4,

47] inherent the lignocellulosic biomass,ingatb the more common studiesthe

release of K than those of [N8] Additionally, due to the abundant consumption of
lignocellubsic biomass materials nowadagsloss of large amounts of nutrients like K

in the soitould affect the sustainabilitytbéecosystem negativgl@] Snce Kis a key
nutrient to grow plants, the loss of Kthie soilwould result in the deteriorationtog

soil.
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Figure 2.2 K and Na contents in different kinds of biomass ash (adap{&@)}rom
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In order to better understand the release behaviour of K during the thermal conversion
process of biomass, so toigate the Kinduced ashelated problems, the study that

focus on the release mechanisms and kinetics of K has been carried out experimentally
for decades, as well as the attempt on predicting the release profilehesknwiktion

method

2.3 Experimatal study on the release of K

As stated before, combustionaisvidely usedtechnologyto treat biomass source
therefore, the study of release behaviour o iKkore commonly focused on the
combustion process of biomass. Alongside the combupstiolysis is arloer thermal
treatment thatused to treat biomass materials, but not as mature as combustion
technologyhowever, suffering the-ikduced ash problems as well. In this way, this part
will firstly review the study that focuses on the rebeds®viour of K during the
combustion process atiten reviewheresearclthat focuses on the release behaviour

of K during the pyrolysis process.

2.3.1Release of K during the combustion process

During the thermal conversion process, the release behakidtamobiomass samples

can be studied by tracking its composition either in the gaseous products or in the
remaining solid residues. Tstisdyinvolves various kinds of detective technoldges,
Inductively Coupled Plasma Optical Enuossi Spectroscopy(ICP-OES)/Mass
Spectroscopy (ICMS)[51] Flame Emission Spectroscopy (HE3) Laseiinduced
Breakdown Spectroscopy (LIBS)] Flame Atomic Absorptiomp&ctrometry (FAAS)
[54]and et al.

2.3.1.1Quantify the loss of K content from solid residues

ICP-MS/OES is the most usadchnique to quantify the left K content in the digested
solution of solid residues fratre combustion of biomas$henthe results are used to
investigate the release behaviour of K. The study carried out by M¢bg]endhe K

release fronthe combustion of woody material in a fekedl reactor reveals that large
fraction (around 80%f K in the woody biomass is in the form of inorganic selts

KCl and KCO:s. Besides, moderately high primary airflow rates could lead to an enhanced
release of K content from biomass during the combustion process. Fagerstiosh et al.
also reported the alkali transformation during the combustion process of wood and wheat

straw pelletand according to their study, wood and wheat straw has a similar release
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behaviour of K content when thembustion temperatubelow 700 . The release of

K happens mainly during the char combustion phase, and the total release of K content

is around 30%nd 20% for wood and wheat straw, respectively. Moreover, the ash
analysis concluded that K could be captured by glassy silicates and remains as molten ash
in the solid residues eventually.

Il n van Lit h e {45, 46pn tibegelease of gabase Krderiagethee iwaod
combustion, they concluded that the release of K strongly relies on both the combustion
temperature and the fuel composition. The release ohdtiseable amourstarts at
around 500 , and the released amount is relatively fgwde@mately20%) up to 800 ,

which is mainly caused by the release oKcfaiginating from organically associated

K and/or KCI that reacted with char during the pyrolysis phase). When the temperat
is higher than 850, the release of K strongly relies on the inorganic composition of the
biomass material and could happen the decompositieB©f. Koreover, Knudsen et
al.[44]and Johansen et @3] preserd the similar release mecharoéik content via

the observation of combustion of annual biomass through a controlezhléab
experiment, which is, atemperaturdelow700 , Cl is theprimaryfacilitator for the
release of K contemlhirough the sublimation of KCI. However, K released to the gas
phase in a significant amount at temperatures aboveaitdat 1150, about 580%

of the totalinitial K is released to the gas phase. In addition, Johans¢b7¢alab
observed a liner raise of the release of K from 50% at t@080% at 1200 during

the combustion of corn stover.

Besides, the-Kay Fluorescence Spectrometer (XRF) technique is also used to detect the
K concentration in the solid residues. As reported by Jin58]ahigh reactivity K
compounds would be released to the gas phase during the combustion of biomass, which
then undergoes complex reactions. KCI is the most stable K containing species in the
system, and whehetemperaturés lower tharrO0 , KCI presents mainly in the form

of fine particles, while at temperatures higher 80@n , it is nosty in the form of

vapour.

Apart from been released in the main form of KCI, KOH afDi K could also exist
intheash as KSO,and evaporated at temperatures above 1{¥8} Besides, according

to the study43] Si/Al chemistry plays a crucial role in the retention of K in the residues
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As stated by Oris et g50]and Yang et d61] after the combustiothe leftK in the
residue matrix mainly exists in the form of KAKSKAISIOQ, KAISEOs and KAISIQ.
Thisresultindicates that th®i and Al contestin biomastiel could inhibit the release
of K during the combustion process.

2.3.1.2Directly observation on the release oppase K

Alongside the study of release behaviour of K from the solid residues, direct observation
on therelease ajasphase K during th@iomassombustion is another effective way to

study the release behaviour of K, and many different techniques have been used to
approach this goal.

In He et al[62] study, the release of gemse K from the combustion of biomass in a
Hencker Burner was detectegitn by FES, through the investigation, it is feasible to
use FES for offine monitoring the release of-ghase K contentging the combustion.

In addition, three stagedeyolatilisationchar and ash) can be distinguished by the
changing points &€ concentrationThe study also proposed that the volatile content in
the biomass influencesetrelease behaviour of tie chage of watecontent can
significanthaffectthe ratio of the release of K from lealatilecontained biomass. Same
detective techniqudsoused by Mason et al. to observe a-tiependent release of K
during thebiomass combustioGeneral releabehaviars of K are made through the
online observation: (1)h& release of K content during tevolatilisatiorstage of
combustion is small compatedhe subsequent release during the char oxidation stage.
(2) Thepeak rate ofelease during char cadihn correlate® the initial K content in the
biomass. (3) During the combustion, the proportioK oéleased to that retained

correlateso the initial K content.

Besides, LIBS is anotherlina detective device that commonly used to observe the
release of gaphase K during the combustion process, as studies reported by Fatehi et al.
[63] Liu et al[64, 65Rpnd Zhang et d66] According to their observation, there is only

a minor fraction of K released duringdieeolatilisatiostage (46%). While at the char
oxidation stage, the release rate of K slowly increased titditbecomesnore steeply

the peak of the release rate of K occurs at the char oxidation stage. During char oxidation,
K mainly exists in the form of inorganic salts andkch@ihermal decompogiti and
sublimation are the main ways to loss inorganic K content, while the relead¢ isf char

mainly througlits conversioto inorganic K and to be released when burnt the char.
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Apart from the detective methods of FES and LIBS, other detectiveueshare also

used to directly observe the release behaviourmiagesK during the combustion of
biomass time/temperatudependenths t r iethud6a]sarried out the observation on

the combustion of single biomass particle by analysing the flame via Interasdieed Ch
Couple Device (ICCD) camera. The stulmbervedhe intense emission of ions K during

the period from the ignition to the char oxidation. Kim @&jland Dayton et gl69]

used Mass Spectrometer Analysis (MSA) to observe the release of K from the combustion
of biomass. According to Kim, an increase in the combustion temperature reséts in a ri
in the emision of KCl.MoreoverDayton observed that initial feedstock composition
has a significant influence on the amount and specieshaf #€leased during the
combustion process. The predominant K containing species release¢dahianmss
combustion i&Cl, while adding excess steam to the combustion tends to skiéake

form of K from KCI to KOH.

In addition,Sorvajavi et al[70] attempted to detect the gas phase K, KCl and KOH
during the combustion of biomdss usingCollinear Photofragmentatiand Atomic
Absorption Spectroscopy (CPFAAS). Weng[élLaineaared the quantity information

of the release of atomic K during the combustion usifignable Diode Laser
Absorption Spectroscopy (TDLAS). Moreover, Sommersachef7&, &3]coupled

ICP-MS with a single particle reactoith the aimo detect the release of -gémse K

from the combustion of biomasmedependentlyThrough the above attempts and
observations, the feasibilibhdaaccuracy of the mentionedioe detective methods are
testedand the existing release mechanisms of K during the combustion of biomass that

proposed in the literature are verified.

2.3.2 Release of K during the pyrolysis process

Pyrolysis is a thermainversion process that occurgheinert atmosphere, with the

aim to produce liquids, high heating values gases and char. Pyrolysis is an effective
conversion method and regarded as a promising techthatoggn make biomass fuels
compete with and replace the traditional foss# faé] which has brought more
attention in the recentchde. Normally, the primary stage of combustion is regarded as
the pyrolysisthus, the study on thelease behaviour of K during biompgsolysis is

meaningful to help to understand the initial behaviour of ash de[p@Sitids indicated
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above, the study of the release behaviour of K durimynblgsisprocess isistally
carried out by either analyse the solid residues or directly observe the released gas products.

Several attempts have been reported to investigate the release of K via the analysis of solid
residues from the pyrolysis process-QEB/MS is still the most used technique to
study the release mechanism of K from biomass during the pyrolysis prozesagAc

to the pyrolysis experiments carried out by Deng[ébjabifferent biomass materials

are pyrolysed in a fixbed reactor. Thetudy reveals that the ratictloéreleased K is

far less than the ratio of the distribution of wedéble K inherent the biomass. At

400 , a sudden raise happens to the fraction eéxohangeable K, whereas a
significah increase occurs to the frantof insoluble K at temperaturggher than

800 . Moreover, the study indicates that wheat straw only losethB%thitlK when

the pyrolysis temperature below 5QGhen this valuabruptly increases to about 40%
when the temperature reaches 1008t the same timeorn stalk has the lowest release

of K during 400 -800 . Meanwhile, the transformation and release of inherent K
during the pyrolysis of straw is also investigated by Zhalg@feeld Jensen et pi7]

by usinghie same detective method, and similar conclusions can be obtained from the
experimental studies. During the pyrolysis, most K is released favigiriaé¢ binding
sitesOrganieK dominates the release of K contentwttkmperatures, while inorganic

K affects the release of K at high terap#res. The original inorga#ién the biomass

is mainlyn the form ofKClI, and it dominates the release of K content at the temperature
of 700 -900 . Then, the release of #ignificahamount of chaK, K.CO; and KSQ

that are mainly generated after devolatilisatiopltadeeat 1000. They also reported

that the formation of insoluble K silicates is found at 90000 .

Researchers also used lon Chromatography (IC) tecHiRjueo detect the
corcentration of K in the dissolved solution of solid residue. Okunq7#X] aked IC

detector to study the primary release of alkali metals during the pyrolysis of pulverized
pine and sugarcane bagasse in angsh reactor. Through the investigation, about
1520% of thanitialalkali metals are released during the tar evolution stage, while further
isothermal heating could cause the nearly complete rethasdkafi metals. They also
suggested that the secondary reactions (adsorption and desorption) between the char
matrix &ad alkali species prevents the release of alkali species and allow them to transform

into thermally stable chidrand/or nonvolatiles specigse. KsilicatesAlso, in Keown
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et al [8@ thesameuletective device is used to quantify the semldtilcontent

from the pyrolysisfdifferent biomass sampladluidized andixed-bed react® The
researchers have investig#itedeffectof heating raten therelease of K content and

draw the conclusion. When pyrolyse cane bagasse and can trash atsl6@Cheating

rate (10 /s) can resulin a minimal release of K content (normally <20%), while a high
heating rate (100Q's) can causthe release of K content up to 80%tareover Chen

et al.[81]used FAAS to investitg the release and transformation characteristics of K
and CI during the pyrolysis process of straw. Accordingrtsttity, sample weight,
particle size and heating rate affect the release of Cl, which is mainly caused by the
secondary reactions ofaptured CIHowever, the influence of secondary reactions on

the release of K is not significant. They also observed that the reaction intensities of K
compoundgi.e. KC) and major chemical compounds (cellulose, xylan and lignin) are
different, due to #adifferent contents of carboxyl grougb@raw chemical compounds

and the free radicals formed during the pyrolysis process.

Apart from the above study on the solid phase K, attempts have been carried out to
directy observe the release of ghase Kduring the pyrolysis process as well. By far,
surface ionization (§82, 83detector is the most reported method that used tildire
observe the release of ghase K during the pyrolysis process of liema Olsson et

al . 0 9g84]swhaatdsyraw samples are pyrolysed in a laboratory reactor under the
atmosphere of N then the online detection of K is performed via the SI method.
According to the investigation, only a small fraction of the K content is reldased in

low temperature range (13620 ). It is mainly caused by the decomposition of the
organidly associted K. While the significanelease of K happens at high temperatures
(>520 ). Moreover, high Cl content could only enhance the emission of K at high
temperatures. They also proposed adfidgr rate behaviour of the release of K during

the pyrolysisnpcess, and the activation energies during the low temperature release are
found in the range of 18®6 kJ/mol, while it iwithin the range of 16338 kJ/moffor

the high temperature release. The same technique is also used by Kowaskioet al.
gualitative evaluate the release of alkali metal during the pyrolysis of different kinds of
biomass samples on a thermogravimetric analyser. A similar release mechanism is
reported: there are two peaks of the release of K can be observed durindytie pyr

process, e first happens at temperatures bel8@ , while the second occurs at
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temperatures excebd0 . Besidesthey proposed that the low temperature peak of
release is caused by the decomposition of organic K species, which believesl ks acetat
through the analysis.

2.4 Modelling study on the release of K

Through the above review, we can see that the release behaviour of K is similar in
different thermal conversion conditions. The release mechanisms have been investigated
thoroughly. Howeveré detective methods are limited and mainly used the digestion of
solid residues and tedby the ICP-OES/MSdevice in order to determine the release

of K content. Several methods are used to observe and determine the release of atomic
K during the therml conversion process time/temperatigpendently.

The lack of detective methods results irmbisencef the quantity information on the
release profile of different K compourdiging the thermal conversipnocessof
biomassUnder this circumstance, modelling isseful tool to obtaisuch valuable
information,several models have been developed in an attempt to study the release
mechanism and to predict the release profile of K during the thermal conversion of

biomass mateailis

A chemical kinetic model is present by Glarborg@6Hbr the gaseous sulfation study

of alkali hydroxide and alkali chloride. The study proposed a detailed reaction mechanism
for sulfation and statddat the alkali transformation during the combustion process is
processed bgeveralmoleculemolecule reactions. Turn et E7] used chemical
equilibrium calculation to predict the K concentration in the gas from the thermal
conversion of biomass. The equilibrium model not only includes the fuel and oxidizer
inputs but also addraction of the bed material, ahdmnodellingesults show the same

trends as theexperiment data. Moreover, a better agreement can be observed in greater
abundance in the fuel.

| n Fat e h esresdarcf@3] 88]@ diomass thermochemical conversion and K
release model is developed and employed to simulate the various stages of K release
during the biomass thermal conversmpncess The model is validated by the
experiments via the dat detectin of gagphase Kusinga LIBS device Two stages of

releasef K regardinglevolatilisatiomnd char reaction and asioking are proposed

according to the study, the rate of release of K duringeakion and astooking stage
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follows a firsorder Arhenius expression with A = 218° 1/s, E = 266 kJ/mol, and

the activation energy of the release of K during the pyrolysis process is stated within the
range of 16898 kJ/molThe @me detective method also used by Liljé#Hb acquire

the experimental data, and then developed-si¢ywdlevolatilisatiomnd char and ash
oxidation) kinetic model for the release of K during the combustion of biomass pellet.
According to their redts, in the devolatilisation step, the kinetic parameters for straw
and poplar ara = 2.24 1/s, E = 64.8 kJ/mol and A= 4.64 1/s, E = 84.6 kJ/mol, respectively;
while in the char and ash oxidation stegkithetic parameters for straw and poplaAare

15.3 1/s, E = 62.8 kJ/mol and A= 20.5 1/s, E = 55.4 kJ/mol, respectively

Other attempts are also reported regarding the kinetic model of the release rate of K
during the thermal conversion of biomass. Based on the experimesdaepéntent

data for theombustion ofwitch gras$eters et g§B9]proposed the kinetic parameters

of emission formation o fx10KUG)E =(74.3 kd/iol, K C | (
and a good agreement can be obtained betiveekinetic data determined yield and the

experiment data.

A prediction model on the release of K compounds during the combustion been
developed and implemented into the 3D CFD program AIOLOS by Akbajioét al.

The model based on the assumption that the conversion of K in biomass involves
vaporization of K via heterogeneous reactions and transformation of K casnipound

the gas phase via homogeneous reactions. In the study, the authors propasddra first
rate expression on the release and bonding of K during the combustion process, with
A release= 1.6x10™ 1/min, Erelease= 256 kJ/mol and Aonding= 2.4x10" 1/ min, Eponding=

155 kJ/mol, respectiveMoreoverthe study also presented the reaction rate coefficients
for the K/O/H/CI system, as summarisgdTable 2.2

In recent, the prediction of galsase K release fraime combustion of a single particle

of biomass has been reported by Mason[81alhe model integrates a single particle
combustion model with K release model that consists thestigee of release
(devolatilisation, char combustion and ash decomposition), which followsrdefirst
Arrhenius expression. The model takes teaselof KOH and KCI into account, which

is modelled as functions of temperature and vaporization enthalpy, with 164 kJ/mol and
147 kJ/mol, respective[@2] A good agreement then acquired by comparing the

modelled release patterns of K with the experimentally measured release of K using flame
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emission spectroscopy. Besides, Zhang @3hkstablished a Matlab code for the
estmation of the release of K from biomass ash based on the experiments data. The
results evidenced that the model can be generalized to describe the release behaviour of
any nutrient elements and can be used to optimize the production of corteallsd

fertilizer.

Table 2.Reaction rate coefficients for the K/O/H/CI system*

No. Reaction A, 1l/s n E/R, 100K
1 KOH + H J,O0K 4 5.0E13 0.00 0

2 K+02+ M 1:+KO 3.6E14 0.00 0

3 KO+ H ¢ KO + 5.0E13 0.00 0

4 KO+HXO I KOH + 1.3E14 0.00 0

5 KOH + HCI O Kt 1.7E14 0.00 0

6 K + HCI ]l KC 9.1E12 0.00 594

7 K + CI + M | 1.8E20 -1.00 0

8 KO + HCI J KC 1.7E14 0.00 0

9 H + HC4+Cl H 4.9E12 0.00 1599.90
10 H+Clbl CI + HC 8.4E13 0.00 579.77
11 Cl + ClI #M M | 7.2E14 0.00 -905.89
12 O + HCI ]l Cl 6.9E12 0.00 3371.92
13 OH + HCI 0 CI| 7.8El12 0.00 0

*Table 2. adapted iG]

Nevertheless, as reviewed above, there is barely any reports regarding the prediction on
the detailed information about the release of K compounds quantitatively and qualitatively
during the thermal conversipimces®f biomass. To date, Wei e{@4]carried out the

chemical equilibrium calculation in FactSage to predict the release behaviour of gaseous
K species during thermal utilization of various kinds of biomass. The prediction shows
that the mai K containing species are KCI, KOH anBi#, in straw combustion, while

they areKCl, KOH and KSQO, in wood combustiornlso, according to the study, air

excess coefficient has an insignificant effect on the release of gaseous K and Cl during the
strawcombustion, while increasing the pressure facilitates the release of HCI and reduce

the amount of KCI at high temperatures.
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2.5 Summary and research gap

Through the aboJéeratureeviewjt canbesea that the study on the release behaviour

of K has beenanducted thoroughly, experimental study espetiadiygeneral release
mechanisnof K during the thermal conversion process can be concluded as: K exists
inherent the biomass in the form of organic and inorganic species. At low temperatures,
the organicallysaociated and loosely bonded Kreleased first, which however are less
(normally <10% of the initial amount present in the biomass), and depending on the
different contents of moisture and Cl in the biomass, the K released in this phase is mainly
in the form of KOH antbr KCI. At high temperatures,s@nificantfraction of K is
released, mainly caused by the decomposition -#¢ ehdrsublimatioof inorganic K,

and themainly released form of K is KOH, & and KkSQ.. After char combustion, K
minerals and l-SiTi compounds remagalas the solida the ash residues as inst@u

K species.

However, due to the limitation of lack of detective technologies, more detailed and
accurate information of tiiemperaturedependent release pl@bof K is still unclear,

i.e.the release amount of different K compounds (KCI, KOBK etc.) at different
time/temperatures. Besides, the reported stadie®stly carriedut in TGAdeviceor

a smalkize reactor, which requires minor amounts of the saamuléke reactions are
always tested in high final temperatures with rapid heating up program. Information about
how the external factors (nghtemperature rangendheating rate) affect the release

of K is rarely reported. Moreover, a more precise@ngrehensive kinetic model is
needed to predict the release profile of K from various kinds of biomass fuels under
different thermal conversion conditions. In conclusion, these can be sunasdhsed
below research gapeed to be solved and have baempted and presented in this

thesis.

1 Lack of information about the influence of external factors on the release of K during

biomassombustion

During the combustion, apart from the compostminbiomass, external operating
parameters affect the ade of ash content as f@ll] Since operating parameters play
asignificantrole to affect the compositi and properties of products from the thermal
conversion of biomag¢85] and crucial to the emission from the thermal conversion

procesqd96] In addition, the combustion conditions and operation mode can further
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affecttheash behaviour, which is related to the rig dgsidi©1] During the reactions,

many external operating factors influence the extent and rate of the thermal
fragmentations of the productiosach as final temperatuheating ratand biomass

feed et al95] Among the above external factors, the final tempenasgreeatly affect

the composition of the produdi2] while the reactivity in reactions is affected by the
heating rate during the thermal conversion of bidi@3kThis implies that all these
factors could significantly influence the release of K content during the combustion
process of biomass. However, there is a lack of sughrehensive study that
investigatethe influences of operating fact@irsal temperature aheating rate) on the
transition of potassium during tldomasscombustion, since the transformation
reactions of potassium can be greatly influencedteynjperaturand heating rajé4]
Besides, as mentioned before, most of the studiemraed out in small size reactors,
which are difficult to acquire enough solid samples, also hard to mimictthifeeal
combustion situation when thexee more samples burned in the boiler with a large
chamber.

In this way, a study on the relead¢ thfat carried out in a large size boiler is needed and
investigate the influence ageratingfactors on the release behaviour of K during the
combustion proces# better understandingf how theoperatingfactors affect the
release behaviour of K cotlelp us to optimize the reaction processi@oontrol the

ash problems.hereforeit will have great implications for developing clean and efficient
utilization technologies for biomass, prolonging the service life of biomass burning plants

whichwill make the biomass feonomically competitiy&04]

1 Lack of a kinetic model to quantitatively and qualitatively predict the release of K from

biomass under different conditions.

As reviewed above, manylme and offine detective methods have been tasdétect

the release of ;Kowever, the obtaidenformation is mainlyn the release of atomic K

during the thermal conversion process. Due to the limitation of detective methods, it is
difficult to directly observe and acquire the released amount of different K compounds
at variousstages time/tempaturedependently. Although several models have been
reported regarding the release fate of K during the thermal conversion process, but the
models are focus on the prediction of the total amount of the releasedpedtia

condition, and the simulateiwmass is based on the elemestmponents.e., C, H, O
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et al. There is still a lack of a model that more close to the real biomass material, whi
usingthemajor chemical components (cellulose, hemicellulose and lignin) to simulate the
different kimls of biomass, as well as obtaining the release amount of different K
compounds at different stag®oreovey the transition path between different K
compounds during the combustmocesss also unclear. Besides, most of the clyrrent
reported models@ based on the chemical equilibrium calculation. The estimations are
acquired wittheassumptions of a higinough reacting temperataned a longnough

reacting time to approach the equilibrium, the dynamic information of release of K
compounds withhte change of reaction conditions are thus not provided. Under this
circumstance, a kinetic controlled model is needed to estimate the release of different K

compounds.

Knowing the dynamic release performance of K compounds at different stages can offer
aninsight into the transition mechanism of K with other significafdmasimg elements
temperature/tim@&lependently. The yields of released K compounds under various
conditions from different biomass materials can be useful in making a quick and accurate
judgement as to what extent those species would be released and the seriousness of the
slagging and fouling issues initiated fy2KIn this way, the prediction model is useful

to provide suclvaluablenformation that can be used to advise the biomass boiler design
and thus to mitigate the astated problems that caused by the release of K, Cl and S
[105, 106Huring the combustion of biomass sources. Moreover, the simulation tool is
also helpful to predict the release of different K compounmndgdifferent kinds of raw
materials, which is crucial to the sample preparation, selectiozgtprent and the

optimization of the reaction process.
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CHAPTER 3
MATERIALS AND METHODOLOGY

This chapter describes the experimental approach and model deveiogimenet
applied for the studies tre release of K durifigomass combustiofihe experimental
section includesxperimenmaterial@andtest facilitiesas well athe detection methods
that were usetb quantify the K content and to observe the ash strudtutbe
modellingsectionthe theory applied for modelling of tlewolatilisationf biomass will

be illustrated firstpllowed bythe release kinetics obrganic elements, as well as the
theory of combustion of gas species

3.1Experimental methods and materials

3.1.1 Raw materials

Two biomassnaterials we studied in this thesis, wheat straw and soffwdoch are
purchased from Agripellets Lithe wheat strapellets are mainly used to study the K
transition during the combustion process in the reactor. Since herbaceous biomass
normally consists of more K content (around 1.3 wt%) than that in woody biomass (<0.4
wit%) [1], the combustion of herbaceous biomass could suffer more sericelatadh
problems compared to that of the woody biomass, and thus, needs more investigation
The average weight of a straw pelleBig,0with a diameter of 5 mm and an average
length of 40 mnilhe straw pellets were-dired until the weight became constant, with

the aim of eliminating the extra moisture contdtgrwards, half of the wheat straw

remained as pellets, the other\Wwal milled into fine particles

Threechemicalsverealsousedin this thesisto investigatehe interactionsamongthe
major chemicalcomponentof biomassduring the thermalconversionwhich were
cellulosexylan(whichhasoftenbeenconsideredsa substituteof hemicellulosg]) and
lignin Cellulosendxylanpowdemwaspurchaseffrom SigmaAldrich,andligninpowde

waspurchasedrom CarbosynthThe analysi®f the abovesampless summarisedh

Table3.1.
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Table 3.1 Proximate, ultimate and ash analysis of samples

Wheat straw Softwood Cellulose

Proximate analysis, wt%

Moisturear 9.00 3.50 2.70 2.90 3.20
VM db 74.80 58.36 89.70 84.80 51.30
Ashdb 7.40 1.12 1.70 1.70 15.00
FCdb 17.80 40.52 8.60 13.50 33.70

Ultimate analysiat%
Cdb 45.20 58.28 42.18 38.41 62.09
H db 5.25 4,71 6.15 6.18 5.88
Odb 48.90 36.51 51.66 55.40 30.52
N db 0.71 0.50 0.01 0.01 0.51
Cldb 0.05 - - - -
Sdb 0.14 - - - -
Ash analysis, wt%
SIO 31.88 39.00 - - -
AlO3 0.86 2.52 - - -
CaO 5.24 32.90 - - -
MgO 1.61 1.55 - - -
NaO 0.12 0.94 - - -
K20 9.13 6.00 - - -
P>0Os 46.74 5.27 - - -
FeOs 0.15 2.00 - - -
TiO2 <0.05 0.17 - - -
Other 2.5 9 - - -

*db: dry basis; as received.

3.1.2 Reactors
Two types of equipment at the University of Strathclyde were selected as the main

reactors for the investigation on the theooaVersion of samples.

3.1.2.1ThermogravimetrianalysefTGA)

The combustiocharacteristias thebiomass and chemisaimples were carried out by

the TGA devicgas shown in Figure 3.1, the device model is a Netzsch STA449F3 Jupiter.
The TGA device could mperated at temperatures up to 155@ith the heating rate

up to 50 /min. The sample mass of 15 mg +1 mg was selected to run each experiment
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Figure 3.1 TGA device
3.1.2.2High-Temperature furnadmlance system (FBS)
Normally, a TGA is used to study the thermal behaviour of solid fuels; however, the
testable quantity of sample is small, leading to the lack of solid residue to conduct the
follow-up analysis and it is also difficult to simulate théfeeabmbustionitiation
Furthermore, the samples studied in TGA are usually at fine sizes, it is not accurate to
study the thermal conversion of pelletized biomass in TGA, astwélvastigatéhe
release behaviour of K from a large number of biomass samgéthis circumstance,
the combustion of wheat straw to acquire solid residues was conducted in-a custom

designed furnadmlance system (FBS), which is a combined.device

~—
CAUTION!

HIGH

ggggggggggg | [ High
———t——> Temperature

Furnace

/ : > Crucible
L > Platform |

Connection
Tube

T— ———

Computer
> Platform II
> Balance

Figure 3.2 Furnadmlance system (left); schematic diagram (right)
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The furnace in FBS is a ThermConcept Higmperature furnace, which is centrally
controlled through a Eurotherm 3208 controller. The highest setting temperature for the
controller is 1200, with the heating rate up to 50min. A Satorius balance is
conneted to a platform with a thermal insulation tube, in order to record the mass change

of sample on a refane basis. The FBS device and a sketch of the connection are
presented in Figure 3.2.

3.1.2.3Performance comparison between FBS and TGA

Thereliabilityof theFBSwasestedycomparingheresultswith thatof the TGA device.
Thetestswerecarriedout underthe samecombustioncondition:the final temperature
was700 , with the heatingateof 20 /min. Thenthe obtainednasdosscurvesand

derivativenasslosscurvesareshownin Figure3.3.

As indicated in Figure 3.3, the difference between the mass loss curves obtained from the
TGA and the FBS is clear. In the drying stage, theren@ioeablalrop in the TGA

test, but a visible drop in the FBS result. résigltis due to the small amount of sample

(with only 10 mg) tested in this device; besides, the sampledvieg aird milledas a

result, there was not much moisture content lefonitnast, there waswore substantial

amount of the sample (with approximately 5g) tested in the FBS, and the loss of moisture
content during the piteeatment process was relatively small. Besides, the moisture loss
in the FBS during the drying phase atsit 9% of initial weight, which is the same as
indicated in Table 3.1.

0.02

—————————————————————————— 0.00
-0.02-
-0.04-
-0.06-

Mass Loss, %

Char oxidation Stage -0.08F
—— TGA test

20r —— Furnace-large particles

-0.10-

Derivative Mass Loss, %/K

—— TGA test
-0.12-

—— Furnace large particles

. . n n n 0.1 . .
({00 200 300 400 500 600 700 100 200 300 400 500 600 700

Temperature,°C Temperature,°C
Figure 3.3. Mass loss (left) and derivative mass loss (right) curves obtained from TGA and FBS.

With the temperature increasing, in the volatile matter releasbeststgep mass loss

started at around 230in the TGA, while there was apparendelay in the FBS, at
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about 300 , but the sharp decrease of mass in the two tests all stopped.afi80

delay might be causedthg effect of heat transfer on the reaction progress for large
particles (thermally thick) atteé longer time that was needed to heat the large volume

of the furnace chamber (which is 10 L) to reach the target temperatdes, Bes

sample in the furnace was much larger, leading to the less efficiency of heat transfer
compared to that of the TGAhe release of volatile matter from the sample happened
gradually from its surface to the inside of the sample container isftané&Bhe total
released volatile matter occupied almost the same volume like that in the TGA, which
proved that the data obtained in this stage was reliable. Nevertheless, in the char oxidation
stage (which occurred after 480Qit took much longer tinte burn out the remaining

char in the FBS, which in turn reflected ahnwider temperature range. Besithes,
concentration of oxygen in the FMS not being as sufficient as that of the TGA at these
temperatures since the TGA had a steady and continjgatisnnof Q. Due to the
differences in ash concentration and distribution in raw materials, the residues left in the
FBS was about 15%, a little higher than that in the TGA, which was 10%

3.1.3 Solid residues characterisation

a. Microwave digestion b.ICP-OES c. SEMEDX

Figure 3.4 Analysis devices

3.1.3.1Microwave digestion

The collected solid residues were digested in the microwave first, in order to dissolve the
remaining potassium and be ready to be tested. The microwave digestion was conducted
in a CEMMARSS5 microwave devicas shown in Figure 3.4 a. Samples were milled into

fine particles first, and then 5045 mg of each sample was digested with 9 ml concentrated

nitric acid (>69%)and 1 ml deionised water in a microwave at 200120 min.

3.1.3.2Inductively Coupled Plasma Optical Emission SpectrometrDES
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The digested solutions were analysed byOEZ in the Department of Civil and
Environmental Engineering at the University of Strathclyde, in order to quantify the
potassium in the solid residuBise ICROES device used in this thesis was a Thermo
Scientific iCAP 6000 with the detection capability of <1 ppb. The device is shown in
Figure 3.4 b.

3.1.3.3Scanning Electron Microscop¥nergy Dispersive-Ky Spectroscopy (SEM

EDX)
The structural changetbi solid residues and the distribution of different elements (K,
S, and Si et al.) were examined by-BEM! in the Department of Chemistry at the
University of Glasgow, aiming to investigate the effect of the changes of the biomass
particles structures dhe distribution and release of inorganic elements during the
combustion process. The SEHDX device that was used in the present study was an
XL30 ESEM attached by an Oxford Instruments Energy 250 energy dispersive
spectrometer system, as shown in Figydre. Prior to the analysis, solid samples were
placed evenly on a carbon sticker and coated with a thin layer of gold (Hebweeh 5

to provide a conductive coating to dissipate charging artefacts.

3.2 Model development

Normally,devolatilisatioins regarded as the initial step of the combustion, during which
the gas products are primarily devadi[B]. Subsequently, occur the combustion of
gas species and chaidakon[4]. In this way, for the design of the simulation model to
predict the release profiles of K, two steps had been consilism@dtilisatiorof
biomass and combustion of gas products.Kiitetically controlled relegsecesof
elemental K, S and Cl were also integrated intbetindatilisationpart of the model.

After thedevolatilisationthe yielded gas products, along with the released elemental K,

S and ClI contents, were stored string and ready to be combusted.

In the combustion stage, the modalgskinetically controlled. It is assumed that all the

gas products are following the ideal gas behaviour and are homogeneously distributed in
the system, which states are funstiof time/temperature. Moreover, in order to
eliminate the influence of pressure on the gaseous species, the pressure in the system is
assumed to keapnstantll the time. Under this circumstanocddaatGasConstant

Pressure reactor is used to consider all the possible reactionthagesgroducts.
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Input values

Kinetic mechanisms and species characteristics
Initial amounts of cellulose, hemicellulose, ligai, K, Sand C
Final temperature

Devolatilisation

Decomposition of biomass Release of elemental K, S and ClI
Obtain the released gas species Obtain the released gdmse K, S, ClI

Combustion

Ideatgasconstanpressureeactor

Output

Quantitative results of K compound: Reaction routes of K compounds

Figure3.5Schematiof the network
Through this twestepreaction, a detailed quantity data of all the gas phase K compounds
will be obtained, along with the reaction path of different K compounds during the
combustion and their reaction ratés.schematic of the methodology of the

devolatilisatiomand combustion network is depicted in Figure 3.5

3.2.1Initial values

Biomass materials are varying fdifferent sources, boommorty can be characterised

by their major chemical components (including cellulose, hemicellulose and lignin),
inorganic components and moisture content. The distinct thermal characteristics of
chemical components strongly affect the release behaviour of K compounds. In addition,
the concentration of oxygen affects the gas and char oxidation under the condition of
combustion, and thus, influences the formation and release of K compounds$nas well
this way, there were three parts of initial input values included in the model: major

chemical components (cellulose, hemicellulose and lignin) that was used to describe th
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biomass material; the initial amount of K, S, Cl a@ ddntents; and the ;O

concentration in the atmosphere

To calculate the mass fractions of major chemical components in the tested sample, a
fitting methoddeveloped by a colleague besn employethis method is described in
general terms here and in more detail in the litefgjiuide methd estimateshe
contributions of cellulose, hemicellulose and lignin to the volatileiayitding the
observable features of derivative thermogravimetric (DTG) curves to the parameters of
chemical reaction kinetics, along wigfractions of each chemical compon@ftile

the initial amounts of K, S, Cl anglHare calculatetcording to the proximate and ash
analysis results of the tested bionTdss.initial value of oxygen is calculated based on

the test conditiarin this thesis©O, concentration was calculatebwing its proportion

in theair in the test of combustion, while it was set as zero in the test of pyrolysis

3.2.2 Biomasslevolatilisatiomodel

As the major chemical componentkgoiocellulosic biomasle thermal characteristics

of cellulose, hemicellulose and lignin can be used to provide a generalised description of
the thermal process of different biomass matd@alsit is assumed that the
decomposition of these major components is independent, and through a multistep,
branched mechanism which followed-bérser reaction§s, 7] The lumped kinetic
mechanisms of cellulose, hemicellulose and lignin that used in this ntioeel at
devolatilisatiostage were extracted frame referencg8], as listed in AppendixThe
summaries of the kinetic mechanisms of these chemical components during the pyrolysis
process are illustrated in Figure 3.6 according to the studies of Raf&i &taald

Blondea et al[9].

[ Cellulose ] [ Hemicellulose ]
/1@ ki \ ke
Char + H20O  Active Cellulose Hemicellulose-2 He?ﬂu{}se—l
choglésan Decomposition Products Decomposition Products C5-C6 Products
(char + tar + gas) (char + gas) (tars)
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Figure3.6Kinetic mechanismsf cellulosehemicellulosandligninduringthe pyrolysis
(adaptedrom [3,8,9])

In addition, from the previous studj@8-12] the main products from thartcracking

are light gases, and the amount of char is negligible dumdieydtagilisatioprocess

thus, it will not significantly affect the gas yields. The generation/consumption of
different species can be regarded as a function of the conversion:

| — Eq. (31)
wheremo, m; andm; represent the initial weight of the specibe weight at time and
the remaining weight of the species, respectively, g.

For thefirst order reaction modéh this studythe rate of reaction depends on the
temperature and the amount of remaining sathplethe reactiomodelf @) can be

calculated as:
Q| o | Eqg. (32

Normally, a constant heating rate is involved, so the temperature changes with the time

can be obtained according to:
QY 1 Qo Eq. (33

Then the rate law of generation/consumption of species with respect to the temperature

can be assumed as:
— -B tQYQ Eqg. (34)

wherei represents the generated/consumed spEdseisie reaction temperature Mis
the heating rate, K/mir;represents all the reactions that relatesppeoies;  is the

stoichiometric coefficient of the spedi€¥) is the conversion rate.
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In this study, the conversion rate conskdi) is expressed as a fiostler reaction
Arrhenius equation as following:

QY oAoB- Eqg. (35

whereRrepresenting the universal gas constant,/ols the preexponential factor,

1/s;Eais the activation energy, kJ/mol.

In conclusion, when ¢hinitial fractions of major chemical components of biomass
material are certain, it is possible to simulatietidatilisatioprocess and testimate
the yields of gas product®he feasibilities will be tested and validated in this thesis

experimentally.

3.2.3 Release kinetics of inorganic elements

Alongside thelevolatilisationthe release kinetics of K, S and Cl are coupled into the
devolatilisatiormodel as well. lenables an estation of the yielded amounts of
elemental K, S and Cl at a given condifioa@ experimental resultghiethesis supposed

to offerthe release profiles of K, S and Cl for the calculation of release kinetics, however,
due to the Clean character of the tested sample in this @eeyrable 3.1); it cannot
providethenecessary data. Nevertheless, the release of Cl is cruciasigmndficatly

affect the release of K during the combustion process, and thus needs to be considered.
Under this circumstanceet kinetically cdrolled release of K, S and Clravall
calculated based on the experimental data regarding their mastlésssvbictwere
extracted from the test results in the literdfi8kin order to keep the consistency of

the input informatiomnd thedata is pgsented in Figure 3.7 (in dots).

Assuming a firadbrder reaction model of the release of K, S and Cl, which follows the
first-order Arrhenius behaviour, then the legatres fitting is used to find out the

suitable kinetic parameters:

A — Eq. (36)

whererepis the result of theelease ahe element from thexperimentrsimus the result

of the release difie elemenfrom the simulationnis the fitting times.

The experiment results are the final amounts of K, S and CI acquired at different final

temperatures. The temperature programme for each run consists of a constant heating
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rate of 20 K/min, up to a final temptnee,atwhere the sample is held for 10 min. The

data from all the different final temperatures are fitted simultaneously; therefore, the
kinetics must be suitable for all the different final temperatures, to get an overall least
square, not individualliihe fitting results of K, S and Cl conversion are summarised in
Figure 3.7, alongside the experimental data (shown jraddti#)e calculated kinetic
parameters used in this study are presented in Table 3.2.

1.0
B S .
— ~ 0.6
= 0.81 B
& 5
e
B %04
g 0.6 g
§ Calculated 8 0.2 Calculated
yw 0.47 = Experimental . ) e Experimental g
. . . ' 0.0+
800 1000 1200 1400 800 1000 1200 1400
T/K T/K
(@) (b)
__0.5]
g
—~ 0.41
s
o 0.3
o
@ 0.2
2
S 0.14 Calculated
G o0.0d Experimental
800 900 1000 1100 1200
T/K
(c)

Figure 3.7 Fitting resultstbe release of K (a), S (b) and Cl (c)

Table 3.2. Summary of the kinetic parameters

K Rz S Rz Cl Re
E, kJ/mol 55.43 26.65 22.82
A, 1lls 1.50E01 0.924 2.80E02 0.987 4.10E02

0.991

3.2.4 Gas species combustion model
During the combustion, the reaction rates and the yields of products from biomass are
determined by the reaction kinetics. Combustion characteristics of biomass are driven by

the reaction paths with many reactions and intermediate species. In this ttesearch
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kinetic module was employed in this part to simulate the combustion process of all the
gaseous products after tevolatilisatiom Cantera 2.4.0. Normally, there are two steps

to prepare a simulation of combustion in Cantera:
(1) Define solutionbjectives for the potential reactants to be flowing through the reactor

The solution objective used in this research was a modified reaction meck&RISth M

mech, based on the GRI30.m¢th} The MGRI30.mech includes the oxidation of
hydrocarbon, as well as the combustion of K, S and CI species. There are 77 species and
420 reactions that are involved in this modified mechanism, including 325 reactions of
hydrocarbon that areiginally from GRI30.mech, which is a detailed combustion model

of the hydrocarbon including their elementary reactions and is developed by the
University of California at Berkeley and sponsored by the Gas Research1dstitute

The rest of the 95 reactions are the detailed combustion mechanisms of K, S and ClI
species which are extracted from literature. The reaction mechanisms of K, S and Cl in
the literature are supplied by JANABlés[15] andarelisted in AppendiXi. The K

reaction mechanisms used in this model are the summary and calculation work done by
Peter et gtLl6]based on other evaluations with #égtel theoretical work. The summary

and extension work has been done by Cerru[&F7alwhichprovide the S reaction
mechanisms to the model in this resedrcinthermore,the Cl related reaction
mechanisms were assembled by Sligefl&]ddased on the H/C/O reaction set from
Warnatz et aJ19] along with the Cl related reactions from the NIST da{@ibdse

(2) Define theaactor type that describes the system

A reactor in Cantera is a created environment for the mixture to react, which represents
the form of a chemical reaction system. In this maadtiealGasConstardPressure

reactor was selected to simulate the combustion of gas species released from biomass
devolatilisatiorit is a homogeneous, constant pressuredaaemsional reactdt.is an

instance otheclass reactor where the pressure is held coasidife volume is not a

state variable but instead takes on whatever value is consistent with holding the pressure
constantThe implementations ttie zeradimensional simulatiareoften directly or

indirectly incorporated to solve complex tdoieeensional problemsand the
homogenous zemdimensional reactor is well suited to validate the computation of the

kinetic reactions and the thermodynamic species prd24ajtielse reactor corresponds
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to an extensive thermodynamic conuololume, and all state variables are
homogeneously distributed inside the reactor. The system is generally unsteady; all states
are functions of temperature. In particular, chemical reactions leading to the transient
state changes are possible. Meanwimenodynamic equilibrium is assumed to be
present throughout the reactor at all moments. In this research, it was assumed that all
the gas specibehave like ideal gasgdahose gas species are controlled by mass, species
and energy conservations dyiine combustion process. The governing equations for

these conversions are

T Mass Conservation: The tot al mass of t h
through the reactords inlets and outl ets
on the reactor:

— B a B & Eq.(37)
wheremisthe masdlow rateof thecontentg/s; t isthetime,s.

1 SpeciesConservationThe total rate at which speciesi is generatecthrough
homogeneoughaseaeactionss:
a 0 W Eq.(38)

Therateof changen the massf eachspeciess:
—— B a &y B a o aj Eq.(39)

Assumingthe speciesonservatiorhappensvhenthe weightof the sampleis stable,
whichmeangim/dt equalgo 0, mis constantExpandinghederivativeon theleft-hand
sideandsubstitutingthe equatiorof Eq (3-8), thenthe equatiorfor eachhomogeneous

phasespeciesanbecalculateads:
a— B & o & bqp Eq.(310

whereW, is the molecularweightof species; Y; is the massfractionsof specied

(dimensionless).

1 EnergyConservatioriThe solutionof the energyequations disabledn thisresearch
sothatthetemperaturboldsatthesetinitialtimeof thesystemk-ortheidealgaseactor,

thetotal enthalpyasastatevariablewith the temperaturés replacedy writingthe total
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enthalpyin termsof themasdractionsandtemperature
O & Bopon Eq.(31))

— 0— a0 — & B'O— Eq.(312

Substitutinghe correspondingerivativeyieldsanequatiorfor thetemperature:

Go— 0 B Qa4 B a O B Eq.(313
whereH representthe total enthalpyof the reactorcontents,); Q is the overal rateof
heattransferthroughallwallsW;

9 Conversion Rate: The reaction kinetic model used in the Cantera is a rate law that

follows the Arrhenius expression of temperature dependence:

QY 6'YADB- Eqg. (319

whereT isrepresenting the reaction temperatur® iKyepresenting the universal gas
constant, J/mol*Kbis an empirical paramet&ris the preexponential factpt/s E.is

the activation energyd/mol

Throughthe combustion of gas spec@=ailed quantity information abthe release
of different K compounds will be acquired, as well as the transition route regarding the

K during the combustion process.

3.3 Summary of the chapter

In this chapterthe experimental methddsolved in investigating the biomass, cellulose,
xylan and lignin combustion and analysis methods (Microwave diges{a®E|afd
SEMEDX) of solid residuesere presented in detail; a higimperature FB®as
designed andonparedthe thermal performance with that of the TGA. Then, the
development of a twstep kinetically controlled model to simulate the thermal
conversion process of biomass and to predict the release profiler@discribed in
detail
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CHAPTER 4

THERMAL CHARACTERISTICS OF BIOMASS AND ITS
CHEMICAL COMPONENTS

In this chaptetthe thermal characteristics of biomass and its major chemical components
(cellulose, xylan and lignin) are studied in the TGA device. Firstly, the combustion
characteristics of individual chemical components were investigated. Secondly, the
combustion of nxtures of chemical componentas conducted and compared against

the combustion of natural biomass (wheat straw and softwood), with the aim of
identifying the effects of interactions among them on the overall combustion behaviours.

4.1 Background

Lignocellulsic biomass is primarily made of three most abundant organic substances:
cellulose, hemicellulose and lighjnThe distinct thermal characteristics of the major
chemical components are often applied as an effective method to provide a
comprehensive understanding and to study the thermal behaviour of biomass materials,
as well aso distinguishtheir mutual intecdions along with the thermal conversion
processef-6]. Understanding these characteristics will allow us to design the biomass

devolatilisation model based on the iputajor chemical components.

4.2 Experiment

A total of five materials are used in this study: wheat straw, softwood, cellulose, xylan and
lignin. Thechemical components weadsomixed according to the different ratios, with

the aim of simulatirthedifferent natural biomass. In total, seven samplepvegrared
andtested, as listed in Table 4.1. The prepared samples were combusted in the TGA
device at a heating rate of 2éhin up to 900 . Then the acquired thermogravimetry

(TG) and derivative thermogravimetry (DTG) results were used to discuss the thermal

characteristics of different samples.

The Coning and Quartering Meti@twas applied to prepare the mixturethis study,
because of its advantages for the preparation of samples with poor flGveakylian
and lignin)which can reduce the sampling size of the powder sample without generating
a systematic bias. Individual samples are mixed in a container according to the

predetermined mixing ratio as detailed in Table 4.1, following the mix probeploves:
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a cone of the mixture into a plate; 2) divide the cone into halves; 3) divide the cone into
guarters; 4) discard the two opposite quarters of the sample; 5) recombine the remaining
sample. The procedure is repeated three times to prepare eaelrsanxple.

Table 4.1. Sample list

Sample Mixing ratewt.%

Cellulose -
Xylan -
Individual samples Lignin -
Wheat straw -
Softwood -
Wheat straw Cellulose / Xylan / Lignin: 61.3/19.3/19.
Soft wood Cellulose / Xylan Lignin: 43.1/24.1/32.8

Artificial samples*

* The ratio is calculated according to the method descril§8l in the literature

4.3 Thermal characteristics of cellulose, xylan and lignin

The mass loss profiles of cellulggn and lignin during the thermal conversion process

in air and nitrogen atmospheres are summadari Figure 4.149. Due to the different
chemical structures of the individual components, substantial differences in the thermal
behaviours among themmutd be expectdd].

Figure 4.1 (a) shows the decomposition of cellulose starts at a tempe2iureantl3

quickly lost over 80% of its mass before 410hich is close to the content of its volatile
matter, as shown in Table 3.1 in Chapter 3. When the temperature exceettee410
mass loss curves of its pyrolysis and combustion processes stagepvaieze the
pyrolysis curvis tending to flatten, indicating no further decompositidhe cellulose
sampleBy the end of the pyrolysis process, approximately 8% of its initial mass remains
as solid residues. Figure 4.1 (a) also shows that igetlod cambustion, mass lofs
cellulosgakes place continuously up to 6Qvith less than 1% of its initial mass left as
solid residue. The yield difference between the amdhatofid residue after pyrolysis

and combustion is equal to the fixadbon content in cellulose, and the solid residue

after combustion is eigalentto the ash content in cellulose.

The thermal characteristics of xylan are shown in Figure 4As (bhown, ts
decomposition starts at 190and the pyrolysis and combustorves start to diverge

at 370 . At this point, the pyrolysis rate stabilises, while the second drop of mass
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happens in the combustion process due to char oxidation. After thermal conversions, the
solid residue left after pyrolysis and combustion pesdess3% and 1.5% of the initial

mass of xylan, respectively, which are similar to its fixed carbon and ash contents.
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(c) Lignin
Figure 4.1. Thermaharacteristics of individual chemical components in the air (combustion)
and nitrogefpyrolysis) atmospheres
The results in Figure 4.1 (c) shows that lignin starts to decompose ,aar2d @he
divergence of its pyrolysis and combustion curves oct0Bs aDuring pyrolysis, after
divergence, lignin is observed to decompose slowly in the temperature rangeoof 405

750. The remaining solid after total pyrolysis accounts for approximately 45% of its initial
mass, which is equal to the sum of its fieedoon and ash contents. Whdlgring

combustion, the lignin sample lost more than half of its mass betweesmndi0G00 |
and left 15% of its initial mass in the end, which is equal to its ash content.
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By comparing the TGA results of cellulose, xyladigand presented in Figure 4.1, it

can be observed that nearly all the mass loss curves for the pyrolysis and combustion
processes overjagd until the divergence occurs; the slight deviation between them
might be caused by the differences in the theomduictivity of air and nitrog¢h0] It

implies that at the early stage of thermal conversion, the temperature is the dominant
factor of the reactions, rather than the existence of oxygen. Moreover, among the three
components, cellulose has the narrowest decomposition temperature rangthand lost
most of its mass during the decomposition process. Xylan requires the lowest temperature
to initiate the sharp loss of mass. Lignin has the widest decomposition temperature range
and generates the most of the solid residues.

4.4 Thermal characteristicsavfificial and natural biomass

To identify the effect of the interaction of chemical components upon the thermal
properties of biomagsatural andrtificial biomass samples (artificial wheat straw (AWS)
and artificial softwood (ASW)) were tested. Thand@® TG results of artificial biomass

were compared to those obtained from natural biomass samples, with the aim to
investigate the accuracy of the prediction on the thermal characteristics of biomass using
the mixture of major chemical components. Therarised TG and DTG results are

presented in Figure 4.2.

Figure 4.2 (a) and (b) shows the decomposition of wheat straw and softwood starts at
250 and 255 , respectively. Then, due to the release of abundant volatile and moisture
contents, wheat straw és$0% of its initial mass wh#retemperature reaches 350

while s@twood loses nearly 70% whbatemperature approaches 403-ollowing this,

the pyrolysis and combustion curves start to diverge. The pyrolysis curve flattens out until
the end, at wbh point, there are 25% and 20% of the initial mass left as the solid residue
for wheat straw and softwood, respectively, which consists of the fixed carbon and ash
content. In contrast, the combustion curve shows the second drop in mass, the endpoint
for wheat straw and softwood is 51@nd 500 , respectively; this lead a further

mass loss that ends at 18% and 39% of the initial mass of ralaeandt softwood,
respectively. The lost masdues correspond to the fixed carbon consanlisted in

Table 3.1 in Chapter 3. In the results of the DTG curves for both samples, two obvious
peaks appear before the temperature at which behaviours diverge. The first one is at

100 , due to the evaporation of moisture content. The second o&ff's &br wheat
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straw and 330 for softwood, which is caused by the release of volatile matter. Then the
pyrolysis curve becomes stable, while for combustion, a third peak appears in the curve
at 460 for wheat straw, and 500for softwood, which isausedbythe char oxidation.
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Figure 4.2. Thermal characteristics of biomass samples in the air anchiritospderes: (a)
wheat straw; (b) softwood; (c) AWS; (d) ASW

Figure 4.2 (c) shows the test result of AWS. Its first phase decomposition starts at 220
and continues to 365. The pyrolysis and combustion curves show two steep decreases
of mass during thidhpse, the first of which occurs from 22tb 340 in TG curves;

it reaches its peak at 26n DTG curves. lis mainly caused by the decomposition of
xylan, the least thermally stable component in bifhdyshie to the breakdowr its

C-O-C and pyranose-C bondg12] According to the individual components test results,
xylan has the lowest temperature to decompose, which is atb80shargllost 65%

of its mass before 30Q However, at this temperature range, cellulose andalignin
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partially decomposgetinplying the existence of cellulose and lignin does not affect the
thermal behaviour of xylan significantly. The second drop in thevEGcaurs in the
temperature range of 346380 , and as can be seen in the DTG curve, it reaches its
peak at 355 . As illustrated in Figure 4.1, at this temperature range, cellulose lost nearly
90% of its initial mass, while lignin lost 15%, and xylgnosnl4%, indicating that
cellulose and lignin are the main components that attribute to the mass loss during this
stage. The pyrolysis and combustion curves of AWS start to diverge.aB&ind

this, AWS continues to lose its mass slowly, with 2#84rofial mass remaining at the

end of the pyrolysis test; this is the same as the sum of partial contribthefrsedf

carbon and ash contents of each component. While under the combustion scenario, char
oxidation occurred; most of the mass logseathar oxidation stage is attributed to lignin

and xylan. Both of these have much higher fixed carbon contents, with 33.7 wt.% in lignin
and 13.5 wt.% in xylan compared to that of cellulose (8.6 wt.%).

The test resultsf ASW are illustrated in Figdr@ (d). Asimilar conclusion can be drawn

the decomposition of each componedissnguishable. The TGA curgi®w the first

stage decomposition starts at 24@ntil to 490 for pyrolysis and it is 210460

for combustion, and there are two dropmabs happew during this stage. The first

drop starts at 240 to 350 in pyrolysis curve, while it is 214830 for combustion

curve, and both reached their peaks at 244 TG curves. As shown in Table 4.1, the
content of xylan in ASW is similar to that of AWS, which leads to the semblable
temperature range of the first drop. Then, due to the decomposition of cellulose and
lignin, the second drop occurred within 35890 in pyrolysis result and within

330 -360 in combustion result and reaching their peaks at 84d 367 in DTG

results, respectively. Beyond 39€the pyrolysis curve becomes flat and with 20% of its
initial mass remains at the end. While the combaustiarred the char oxidation phase,

and the remaining residues were equal to the sum of the partial contributions of ash

contents of each component.

The thermal decomposition results of artificial biomass show a similar trend to that of
natural biomass sptes. For wheat straw, the devolatilisation happened within the
temperature range of 256350 in the natural sample, while a similar temperature
range (220 -365 ) can be observed for the artificial sample. Moreover, fardiathl

and artificiasamplesthe char oxidation stage ceases at around. 2260, asimilar

78



ity

hclyde

Strat!
Glasgow

conclusion can be drawn for the results of artificial and natural scisweetl. Both
samples occurred the devolatilisation stage at a similar temperature rarg@0(255

and 240 -390 for natural and artificial softwood, respectively). Hoveguetpnged
oxidation of char is observed in theiltes artificial softwood. This phenomemoight

be caused by the melting and formation of agglomerated lignin particles, which could
wrap the nearby cellulose and xylan paifi}léswering the heatansfer efficiency of

the particles. Furthermore, the lignin structure consists of phenylpropane, which coupled
with GC and/or GO-C bonds that covers an extremely wide range of decomposition
temperature (152- 700 ) [13] Accordingly, th above reasons may lead to a higher
temperature to burn out the samples.

Through the investigation, the test resdlsstificial biomassan be used &stimat¢he
temperature range of different stage of combustion of natural biBesggsa high

similarity of mass loss can be observed at different stage between the results of natural
and artificial biomasBloreovey the contribution to the mass loss at different stage is
reflected by the thermal characteristics of each chemical componenpli€kighiat it

is feasible to predict the thermal behaviour of different biomass materials via the thermal
behaviour of the mixture of major chemical components: cellulose, hemicellulose and

lignin.

4.5 Summary of the chapter

This chapter has investigatediieemal characteristics of cellulose, xylan, lignin, artificial

and natural biomass samples using a TGA device. According to tbelltdste has

the narrowest decomposition temperature range and lost most of its mass during the
decomposition proces§ylan requires the lowest temperature to initiate the loss of mass,
while lignin has the widest decomposition temperature range and generates the most of
the solid residues. Moreoviey, comparing the TG and DTG results of artificial and
natural biomasshe occurring temperature range and mass loss of different stages of
thermal conversiomse predictable. In particular, the thermal conversion oésiisat

straw can & predicted with high accuracy, dmns itlustrates the potential to use the

majorchemical components to predict the thermal clieaistics of differerttiomass

types
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CHAPTER 5

POTASSIUM TRANSITION PERFORMANCE DURING
BIOMASS COMBUSTION

In this chapter, the tratien performanceof K inherentin biomassis studied
experimentally at different combustion operatidmes.effects of final temperatued
heating raten thetransitionof K during biomass combustion process associated with
the structural changekthe biomass partislare discussed.

5.1Background

During the combustion process, both internal and external factors can affect the release
process of K contenThe internal factors inclutfe inherent organic, inorganic and ash
components of selected biomass samples, while the external factors contain the
combustion operations. As stated in Chapter 2, the ogepsmameters (final
temperatur@andheating rate) hawgnificah influence on the thermal conversion of
biomass materials and thus could affect the release behaviour of K. In consequence, the
study ofthe influence obperating parameters on the K transition performance during
thebiomassombustion process can provide an insigthetransitionbehaviour of K

The resulting data is anticipated to guide the reactor design and optimize the combustion

process, aiming to mitigate thedkated ash problems

5.2 Experiment

5.2.1 Experiment procedure

Due to the high concentrations of K, S @hdh the wheat straw compared to that of
softwood (see Chapter 3, Table 3.1), the study of K transition performance has been
focused on theestsof wheat straw in this thesis. The combustionwestsarried out

in FBS, as the device allows the combustion of a large number of wheat straw pellets and
the generation of sufficient solid residues for the falloanalysis. THmaltemperature

was ranged fro800 to 1000 . The heating rate was set agrin, 17 /min and

25 /min according to the referenfd. The tests conditions are summarised in Table

5.1.

Beforeeach test,#0.1g of uniformly selected pellets were evenly distributed in the

crucible and overlapping was avoided. Place the crucible in the FBS; after the balance
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becomestable start the heating up programme that is set according to Table 5.1. After
the combustion, the crucible was transferred to an oven for cooling down before solid
residues were collected. The reproducibility of the measured results of each test has been
ensued by preforming the repeat experiments. The collected solid residue samples were
then digested and analysed using a MicrawgestionSystem, ICFOES and SEM

EDX, aiming to obtain the retermiamount of K and the structural chargfdsomass

particles.

Table 5.1. Summary of testing conditions

Final temperaturex; Holding time, min
300 400 500 600 700 800 900 1000
Heating 8 a a - a - - & &
rates, 17 &8 & & a a a a a 10
oC/min 25 & a - a - - a a

5.2.2 Quantity of K content

Biomass samplesuld undergo the loss of moisture content, volatile matters, and fixed
carbon during the reactions, the K content in the solid residues are concentrated and
varying according to the collection stagas, the test results from KCEES cannot be
directlyused to study the release behaviour of K under different conditions. In order to
compare the K contents in the solid residues, a calculation is developed to covert the K
content from mg/kg in measured samples to mg/kg in raw material (normalized for the

amount of K in the fuel), & (dry basis), following the calculation:

Y —pnmm ——————pn% Eq. (51)

Wherem donates the K content in the solid residue (mdZkgiers to the residue ratio,
which is the amount of solid left after combusdivided by the amount of initial input

samplg%), and s the measured K content in the wheat straw (mg/kg).

All these parameters are calculated from the measurements, as presentedin Eq. (5
wherem, and me: represent the K contents of digested samples and wheat straw,
respectively, (x0.001ppmmyshand mshorefer to the weighted solid residues and wheat
straw fefore digestion, respectively, (x0.00hgandmurepresent the weighted samples
before and after combustion, respectively, (0.001g). The K concerfatadaglated

from Eq. (51) that depends on the measured quantiesthe uncertainty of each
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measurement influences the resuli&.dbince the errors in the measured quantities are

independent of each other, the uncertain® o&n be calculated by using:
1Y B — 94 Eq. (52)

Wherem represents the different variables, and in this study, there are six of them, as
indicated in Eq. (3).

5.3Influence of final temperature on K transition

5.3.1 Test results

The uncertainty of eashmple is summarized in Table 5.2. As we can see, the calculated
uncertainties of all the results are under 0.3%, indicating that the results of the
experimergare reliable and varied withisnaallrange.

Table 5.2. Calculated uncertainties of the KKeotration measurements at differfamdl

temperatures

Temperature, 30 200 300 400 500 600 700 800 900 1000
1Y,% 0.24 0.27 0.26 0.24 0.23 0.24 0.23 0.22 0.21 0.13

The retention of K in different solid residues and the mass assaifstrayelletsare
presented in a temperature basis in Figure 5.1. The results indicate that nearly 80% of K
retained in the residues before 5Gihd more than 75% of K left in the residues when

the temperature reached 7Q0This resultis in good agreement withe results of
Johansen et ], who observed that only about2l@6 of K was released below 700
However, a sharp decreisk concentration is observed when the temperature is higher
than 800 , and there is only 42% of K left when the final temperature reaches 1000

As forthemass lossf wheat straya steep loss of the sample weight starts from 200

and continues to 500, during which more than 70% of its weight is lost because of the
abundant release of moisture and volatile matter contents. In addition, when the final
temperaturexceed$00 , the sample loses its weight more gradually until 1000
which is caused byetloxidization of fixed carbofhe final remains atee ash residues,

which represent less than 10% of the original wheat straw mass.
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Figure 5.1. Mass loss curve (red, left axis) and the percentage of K mass retained in residues
(dry basidlack, right axis).
The structural changes of the wheat straw residues and the distribution of inorganic
elementg, O, Si and Bvee investigated by SEHEDX, and the results are summarized
in Table 5.3.

Table 5.3 shows that, with increasing the final temperature, the solid residues undergo
significant structural changes. There are noticeably broke down of straw particles and the
collapsing of pore structure, yet the overall fibrous structure was reglinexhi The

stemlike structure is easily recognizable with clearly defined channels at all the tested
temperatures. It is evident that fusing is insignificant whigmailtemperature is below

800 . Asthe final temperature reaches 90€he particleget partially fused; further at

1000 , large fused surfaces appear on the particles, homogeneous external area covered
with minor ash particleSimilar results are also observed in other qt38ie$he large

ash particles are the remains of the outer skeleton of the samples, with whduasing

the temperature is below 700whileat 1000 , the ashteucture is flaky with a molten

appearance, which is mainly composed of K and Si.

The results of EDX test revealed that a trace amount of K exists on the surface of the
wheat straw particles; however, more K is distributed inside the particles. With increasing

the combustion temperature, collapse of particle structure leads to tine exposre
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interiorly located K, which could potentially accelerate the release of K. Meanwhile, Si
can be detected throughout the particles at all the tested temperatures, and mainly co
exists with O and K. Whéinefinal temperature reaches 908nd 100 , more Si and

K clustersare detectable

Table 5.3 Summary of the SERX results at different temperatures

Temperature,

SEM

EDX
(Red K
GreenO
Blue S)

EDX
(Red K
GreenO
Blue Si)

SEM

EDX
(Red K
GreenO
Blue S)

EDX
(Red K
GreenO
Blue Si)

5.3.2 Analysis and discussion
According to the results presented in Figure 5.1, there aappgamenidrops of K
concentratiomappened as the combustion temperature incréasecesult, the change
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of K concentration can be divided into three stages: firs(<60p ), holdingphase
(500 -700 ), and second drgp700 ).

a) Stage 1: First drqg500 )

Figure 5.1 shows that nearly 75% a$ keft within this stage. The loss of K statts
200 , which is the same temperature point that straw pellets start to decohgrose.
there continues the slow loss o&Kthe final temperature increases to 500 the
meantimethe straw pellets suffered a steep lasstotal mass with nearly 7.0%

According to the investigation, the loebelyded K is more likely to attach to hydroxyl

or carboxyl groups or other oxygmmtaining grouds, 7] Itis released from the surface

of the particles at temperatures below 308 9]in the form of K(g), therthe K'(g)

can react with ¥ and/or CI to generate KOH(g) and/or KCI (g) depending on the
concentrations of moisture and Cl conféritO] Primarily, KOH is the main form of K

that is released at temperatures below 4@@owever, when biomass sample has a high

ClI content, the release of Cl in the form of HCI (g) will react with KOH (g) to generate
KCI (g) and will be substantialleaseds thdinal temperature increased. Nevertheless,

the released K compounds are all in small amounts, as indicated in Figure 5.1, there is
only 3% of K content losMeanwhile the inorgan#K and partial orgari€ remain

stable at these temperatures

When the final temperature reaches 50the straw samples released an abundant
amount of volatile mattgtl] and most of the organic carbon compoanel®volved

and oxidized to C{g)[12] OrganieK is partially decomposed to generate-iKhard
continuing to release as () At the same timénorganieK remainsstable as the
temperature is too low to trigger the evaporation and decomposition reactions of
inorganieK compounds. The wheat straw pellets used in the testdeae @hterials,
indicating KOH is the main released form of K. Due to the presenaedraounts of

CO:(g) at this temperature in the combustion atmosphere and the lack of Cl in the gas
phase, the released KOH (g) is partially condensed tleaybghation reactions and

may stay on the surface of the particles in the stable fos@agd, via the R&. This

reaction may lead to more retention of K content in the solid products, as the generated
K.COs; will not be decomposed until the temperature reachesap®ration and

decomposition limits
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In Table 5.3, the SEM tests reveal treastmple particles can hold most of its structure
when thdinal temperature is below 300 Combined with the EDX resultege major

parts of the particle surface areas are covered antidetectable Si and K, while more

K and S can be detected in titernal structure of the solid sample. When increasing the
final temperature up to 50Q the volatile matter is further released, and ongamie

K is converted to chdf€, so that the structure of biomass becomes fragile, starting to
collapse and fapart. However, the most of the siém structure remains intact, and

it can be observed that K and S are hidden inside the channel structures, while Si and O
consist most of the external structure of partidlegertheless, the small amount of
detectale S indicates that8Q: (S) is not one of thmainexisting forms of K in the
wheat straw, Q. could be generated as the temperature increased. With the
combustion temperature increasing from 3@® 500 , there is only 2%oreof K

lost according tohe results in Figure 5.1, mainly because of the release of inherent
KOHY(s) at a temperature below 50@nd the partial decomposition of eKathat
generated from orgaricat temperature exceed 30€hrough the R2 and R53.

As the final temperature irases up to 500, with the breakdown of particlesore

inside located K exposed, however, the mass loss of K is insignificant, indicating that the
major part of the K exists in the internal structure of biomass is thermallystable.
reaction between @hSirich layers and the exposed K to form stable K silicates is
negligible at low temperatuf&s meaning that the occurrence mode of inside located K

is inorganic salts and high stability-&hEr3] In fact, highly mobile K in livgrbiomass

is mostly presented as freeidhs in solution within the xylem c§lid] During theair-

drying process, these ions migate as inorganic potassium $ai$ which can make

up to more than 90% of the total potassium in raw biomass and are thermally stable at

lower temperatures.

b) Stage 2doldingphasg500 -700 )

The results in Figure 5.1 show that about only 5% more of K istliststage, which

is mainly attributed by the decomposition of-Ehesmpounds (such askienzen€O-

K, which can be decomposed at the temperature range of6000 ) since char
oxidation and decomposition normally occurs aftatabalatilisatiofil6] The minor
released K might in the form of KOH (g) via the reaction with the moisture that

decomposed fromachonate§l 7] Besidessince the sample that employed in this study
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is CHean, and it is widely acknowledged that most of the Cl content could be released
below 500 [9, 1820} indicatingthat under this circumstandkere are minor ClI
compounds exist in theactotthat could consume KOH. While the remaicimarK is

oxidized to produce X Os(s) via the reaction of RSunder the condition with sufficient
oxygen content, and it could also react with S to fe8@,Ks). After the release of
organieK andtheoxidization of chaK at the end of this stagke remaining K content

in the solid residuesainly exists in the form of thermally stable inorganic salts.

The morphology refisin Table 5.3 indicate that there are less significant changes in
particle structure when increasing the final temperature from t60@00 . The

particles are not fully collapsed; however, the channels become more fragile since more
char has been oxidizedth oxygen. The pores continue to collapse but are still visibly
detectable; the surfaces of the particles are getting rougher and covered with fine ash
particles. When the final temperature reaches, #@@re is only 20% of the original
sample remaineak solid residue, which mainly consists of ash and unoxidized char.
Previous studies indicate that the rwalatilecomponents have already been mostly
devolatilized and decarbonized at this tempefafijr@he high Si content in the raw
material in this study is the keyteserve the pore structure since it is mainly present as

a silicate skeleton on the external surface of the straw, which provides structural strength

and protection to against the breakdown of paiisjles

More K and S can be observed in the EDX images as the patrticle structure breaks down.
The substantial amount of K exists inside the pores is exposed and likely to react with S
in the presence of ygen to form KSQ,(s)via the R5. In addition, the observed3{

clusters in Table 5.3 suggélse ceexistence of K and Si in this stage, but not as a
compound, since the reaction between them to form stable species is still insignificant at
these temperaturfs3] Thisobservatiorindicates that the K is likely to be captured by

the Si matrix during the combustion prodessyell documented that alkali metal oxides

can be incorporated into silicate networks and become l&gs[90[22, 23]and the

captured K can then react with Si when the temperature is sufficiently high.

In condusion, during this stage, the transition of the existing form of K is very likely to
take place, such as the conversion ofiClhad organid into thermaistablenorganie
K species. The release of K in ¢égyas insignificant compared to the lossrganically

associated K during stage 1.
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c) Stage 3: Second dreY00 )

As the final temperature increased, high temperature facilitates the further oxidation of
the remaining char and the dissociation and release of mineral salts, resulting in the sample
continues to lose its mass, but with only 8%. In the meantime, K however, continues to
significary lose over 30% of its mass.

After been released at lavedium temperatures, there is nearly no osi§aaia partial
inorganieK could be left, and themaining K exists mainly in forms a€®&, K-SO,

and K:SiOs. When the final temperature exceeds 8@@me of the KCOs () could be

released, while partiithe K:COs(s) could react with.B to generate KOH (g) via the

R56. Moreover, at temperatusdsove 900 , K,CO;(s) could primarily dissociate to

form K;O (g) and K (g), following the R5and R [3], and released, leading to the
further loss bK content. However, the released K can be partially captured by the Si
matrix. Previous studig 24]stated that the formation of&i species is significant at
combustion temperature above 90dollowing the R®, and the KSi species can

remain stableAs the final temperature increased to 1Q0R.SQ, (s) could be
evaporate@4], resultingn an additional loss of K content from solids. After complete
combustion of biomassaraples and release of inorg#hicompounds at high
temperature, the remaining K is presented in the thermal stable forms in the solid residues,
such as ESIG; (s) and KO (s), as well as the possible forms liKeaRiQ (s) and
KAISEOs(s)[25]

According to Table 5.3, the structure and surface of the particles hayed chan
significantly during this stagempared with that of other stagds 800 , the pore
structure continues to break down, and fine particles coat the surface of larger residue
particles; fusing area is more detectable on the particles in the SEMsinvatie$he

EDX results show that the collapse of the pore structure continues to expose more inside
located K and S4eanwhile Si still covers most of the surface area, but the breakdown

of the particleesults in the more peelingSifich structurg which also exposes more

inside located K and leads to its transformation of existing forms. Atth@Qexternal
surfaces of the larger particles are partially fused, and the fused areas are rich in Si and K;
while the pore structure continues to shaimdét close. Sth&irich particles and small

K>SQ, particles adhere to the external surface of the larger residue particles, which is

similar to the result observed by Knudsen g.al.
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When the final temperature reaches 10@fbre structure becomes difficult to detect.

Larger fused external areas can be observed, and the particles start to agglomerate into
large structures with smooth surfaces. Dtieet@ontinuing evaporation ot3Q (S),

the detectable K and S clusters are decré&digdore K and Si clusters are detectable,

as well asolated K and ¥O clusters. The ressliggests that the Si matrix can capture

the K (s) and KO (s) after thy are released. As reported in the stji@i26] when the

final temperature exceeds 1206,SiO;(s) can be partially released as well, causing the
further loss of K, while the trapped K (s) an@ Ks) can furthereact with Ca to form
K-Casilicate, which remains stable in the molten residue ash.

2KOH (g) + CQ(g)$ KoCOs(s) + HO (q) R51
R-COOK (s)p R+ COy(g) + K (q) R52
2K (g) + 2HO (9)¢ 2KOH (g) + H:(9) R53
CharK (s) + O:(g)¢ K2COs(s) R54
CharK (s) + Sb KSQi(s) R55
K,COs(s) + HO ()¢ 2KOH (g) + CQ(g) R56
K.COs(s)dp KO (s) + CQ(g) R57
2K,0 (s, )b 4K (g) + O:(g) R58
K/K 20 (s) + SiQ(s)¢ K:SiOs(s) R59

5.3.3 Summary of findings

The release and transformation behawbdu€ were studied during the wheat straw
combustion. Through the investigation, the final temperature has greatly affected the
release of K during the combustion of biomass, with the increasing of final temperature,
the left K in the solid residues dedin@nd there is over 60% of the initial K released

when the final temperature reaches 1000

Based on the abodescribed results attte discussions with the results of the release

of gasphase K that extracted from referef2zed, 13, 18h comprehensive K transition
pathway during the combustion process corresponding to the final temperature is
proposed for a better understanding of thesiian behaviour of K at different

temperatures, as shown in Figure 5.2.
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Figure 5.2. Temperatutependent transition route of K during combustion
(Integrated with the conclusions frfim4, 13, 18]

As indicated in the figure, when the final temperature is below 8@ release of
loosely bounded K and orgaKienainly in the form of KOHand thisdominates the

loss of K from the wheat stratowever, the minor los$ the total K indicates that at
low-medium temperatures, the donmimgtbehaviour is the transformation of the
occurrence modes of K: (1) capture of released K compounasdiyp§iwhich caused

by the change of particle structures and further exposure of inside located K; (2) the
transformation from organiCto charK indde the solid resids; (3) the oxidization and
sulfation of chaK to form the thermally stable salts likeC®; and KSQ. The
transformation of particles from a rigid and porous structure to collapsed and small rough
particlesignificatly affect therinsition pathway of K within this period. When the final
temperature is higher than 800the abundant decomposition and evaporation of K
compounds (like ££0O; and KSQ) dominate the release of K, while the reactions
between Si and the captured K to fahermally stable K silicdi& 24]prevent the

92



ity

hclyde

Strat
Glasgow

further loss of K. Moreover, the further breakdown and collapse of the ash structure and
its fusion phenomenon demonstrate the significant influence that Si has on the retention
of K during the combustion process since the fusion area is rich in K and Si.

5.4Influence of heating rate on K transition

As reviewed in Chapter 2, the heating rate has been known as a key factor that affects the
biomass thermal conversion and could thus influence the transition behaviour of K. In
addition, according to the discus&mb 3, the final temperature has significantly affected

the transition of K during the combustion process. So in this part, five typical final
temperatures (300, 400 , 600 , 900 and 1000 ) representing the different
temperature ranges are selecteduesiigate the influence of heating rate on the
transition performance of K during the combugpimtess

5.4.1 Test results

The uncertainties of the results are summarized in Table 5.4. As indicated in the results,
the acquired uncertainties are all undés, Grislicating the results of the experiments in

this part are in low variation and highly reliable.

Table 5.4. Calculated uncertainties of the K concentration measurements at different heating

rates
Temperature, Heating 1Y ,% Temperature, Heating 7Y, %
Rate, /min Rate, /min

8 0.41 8 0.39

300 17 0.26 400 17 0.24
25 0.35 25 0.39
8 0.39 8 0.33

600 17 0.24 900 17 0.21
25 0.38 25 0.33
8 0.15

1000 17 0.13
25 0.13

The change of K concentrations in the residcesrding to the change of heating rate

at different temperatures are summarized in Figure 5.3. The results show the similar
trends of the results under the three differertinigeates, the K concentrationthe

solid residues, however, are differemttie heating rate of min and 17 /min, the

K concentration in the residues under the same final temperature is close to each other.
At 300 , there is 78% of the initial K left in the solid residues when the heating rate is

8 /min, while it is 75% whethe heating rate is 17min, and as the temperature
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increased, K concentration decreased mildly for both heating rates. When the temperature
reaches 1000, K concentration in the solid residue drops to 46% and 42% of its initial
mass for the heating rate8 /min and 17 /min, respectively. The difference of K
concentration between these two heating rates ik (sBfl) for all the tested
temperatures.

m 3°C/min 17°C/min 25°C/min

30 300 400 600 900 1000

Temperature, °C

100

90

80

70

60

50 F

40 |

30 f

Potassium concentration in Solid Residue,%

20

Figure 5.3 The change of K concentration (dry basis) with the change of heating rate

Nevertheless, whéme heating rate increases to #%in, the obtained K concentration

in the solid residues is much less than that dmé and 17 /min at the same
temperature. At 300, there is only 57% of the initial K left in the solid residues, while
this value steepedreased to 25% at 1000It also can be observed in Figure 5.3 that
under the same final temperature, the diffesdratereen the K concentration in the
solid residues under these three heatingaratamsistent, with 5% difference between
the results of the heating rate of/&in and 17 /min, andthe difference between the

results of the heating rate of /min and 25 /min is 20%.
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Table 5.5. Summary of the SERIX results at different heating rates

Temperature, 400 600

Heating rate, /min

SEM

EDX
(Red K; Green O;
Blue S)

EDX
(Red K; Green O;
Blue Si)

Temperature,

Heating rate, /min

SEM

EDX
(Red K; Green O;
Blue S)

EDX
(Red K; Green O;
Blue Si)

The morphology and EDX (K, Oa8d Si) distribution results under the different heating
rates are summarised in Table 5.5. As illustrated in the SEM resultengdoature

(400 ), the increasing of heating rate has insignificant influence on the particle structures,
the sterrike structure is easily identified but with minor slits, and the particle shape is
mainly maintained with slightly break ddwhen the fial temperature reaches 6Q0

with the raising of heating rate, the channel structirarstie easily identifibdwever,

the breakdown of particles becomes more detectible, and more fragments can be
observed. At higher temperature like 90the inflence of heating rate on the change

of particle structures becomes significant. As we can see, at the heating fatie of 8

the overall fibrous structure is maintained, and the pore structure is recognizable. While

at the heating rate of 17min, apart fom the further breakdown and collapse of the
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pore structure, the particle was partially fused; whereas at the high heatingmatg),(25

the natural porosity becomes less visible, instead, large cavitiesrappeae melted
surfaces can be obsen&dl000 , the morphology results of solid residues of the three
heating rates show the similar trends: there is no visiblé&ststructure, the particles
covered with large fused surfaces; the high heating rate resulting in the more plastic
deformatiorof particles (i.e. melting), leading to the smooth surfaces and large cavities.
Same morphology results of biomass combustion are observed by C¢#ir] ahdl.
Guerrero et a[28]as well.

The EDX resultshow that, at lower temperatures like 4@@d 600 , the higher the

heating rate, the more K can be detected, and K is more likely to locate inside the pore
structures as well. S is less detectable at low heating rates but can be observed when
heating ra increase to 25/min. Si can be detected at the outer surface of the particles.

For the observed results under three heating rates, when the final temperature reaches
900 , K is the most detectable element on the particle surfaces in all the teats; while
1000 , the large melting surface on the patrticles is mainly constituted by the K and Si.
Besides, at the high final temperature, the higher the heating rate, the less the detectable

K-S clusters

5.4.2 Analysis and discussion

As summarized above, the diffeessfadhe retained K concentrationsolid residues is
small between the heating rate of/@in and 17 /min, but at the heating rate of

25 /min, the left K concentration in the residue is much less than that of the heating

rate of 8 /min and 17 /min.

Devolatilisation is the initial step of the thermal conversion process, during which,
thermal cut othe chemical bonds wirgin polymers causes the formation of light
products and activated intermedi§®®§ According to the studi¢30-32] the high

heating rate can enhance the probability of simultaneous bond breaking, leading to the
release of volatile matteraiarge amount. The conversion rates of the tested samples
under the different heating rates are summarised in Figure 5.4, as illustrated, high heating
rate results in the high conversionsratehe samples durintpe combustiorprocess

similarresultsaareal® observed by Fushimi et[8B]
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At a given final temperature, thenhgating rate implies that the sample can be heated

to the target temperature in a shorter {BA¢ energy could be provided more rapidly,

this could accelerate the molecular motions and trigger th@adsitomreactions, then

affect the conversion rate of biomass samples and leads to the different kinetic parameters
[35] Accoding to[29, 36, 37]a low heating rate can result in a high valappairent
activation energyf the biomass decompositidmut a high heating rate can lead to a low
value ofapparentctivation energy. As aforementioned in 5.3.2, the release of K starts
with the releasef loosely bonded K and orga#icthey might be associated with the
volatile matters, which are mainly devolatilised during the devolatilisation stage. This

explains the release of more volatile matters can promote the release of K.

M 3°C/min B 17°C/min 25°C/min
100
90
=80
2
g 70
.2
=60
o
2 50
&
- 40
2
§ 30
g 20
Q
10
0
300 400 600 900 1000

Temperature, °C

Figure 5.4 lechange of the conversion raifdhe sampkwith the change of heating rate

However, as we can see, the high heating rate has much more influence on the release of
total K content than that of volatile matters. In fact, after the devolatilisatiomgtites vo

matter related K are almost devolatilised. The further dissociations of organically and
inorganically bonded K and generating free*Kiithin the particles might attribuee

the more release of K. Especially the break of low bond dissociatipeseBDES)

required K bonds (i.e. orgafi@and K'/K -X bonds) When the energy is sufficient, the

high BDESs requirel bonds would start to break as well.
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Normally, the activation energies of biomass decomposition are within the rd8@e of 1
kJ/mol [38] which means, tleDEsof K bondsthat lower than 180 kJ/mol can db&o
brokenalongside the biomass decomposition when sufficient energy is provided. The
energies required to break the bonds between K and other compounds that potentially
exist inside the biomass particles are summarised Table 5.6. As indicated in the table, the
BDEs of K'-X bondsare relatively small and all below 180 kJ/mol, implying the
preference of dissociation of-K bonds during the decompositiprocessAlso, as
reported in the referenf®9] the BDEs of organik are all within 100 kJ/mol, similar

to that of K-X bonds, which can be easily broken during the biomass decomposition
proaess Besides, the high heating rate can suppress the surface giiyishars, the
dissociated WK from the organieK and K'-X canleave the particle surface more
quickly. The high heating rate resultsqaieker and higher degreedefolatilisation

[41] which means 4@ and HCl would be released in higher concentrations atménate

that of low heating rat&€hen the free gaseous Would be mordikely to react with

these gaspecies and to generate stable gaseous K compounds (i.e. KOH and KCl).

Table 5.6. BDEs of K related bonds

The K bonds BDEs, kJ/mol The K bonds BDEs, kJ/mol
K-H 183.4 K+-O 175
K-CI 433.0 K+-KCl 172
K-O 276.1 K+-CO 19

K-OH 359.0 K+-CO2 35.6
(KO)-H 521.7 K+-KOH 159.0
(KOH)-KOH 190.0 K+-(KOH)2 126.0
K-H20 24.1 K+-H20 70.7
K-NH3 31.2 K+-K2SQ 159.0
K-K 57.0 K+(CHzOH)-H20 65.2
K+-K 85.7 K+-CHsC(O)OH 87
K+-Cl 26.9 K+-CeHsOH 83.7
K+-CHzOCHs 92.9

*BDEs are summarized3&jm

From the observation of morphology results in Table 5.5, the influence of heating rate on
the change of particle structurdoat-medium temperatures (40Gand 600 ) is less

significantandthe patrticles suffered minor breakdown and pore collapse. However, at
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high temperatures (900and 1000 ), with the increasing of heating rate, the particle
structures have suffered substhokianges. In fact, the high heating rate could cause a

fast release of volatile matter and lead to a thinner wall of Jag&icleish the internal
overpressure and coalescence of the small pores, the large cavities and open structure
appear more frequently than that of low heating rate. The op&resraould expose

more inside located K, and with the decomposition and evaporation of K compounds,
results in the less retention of K in the solid residues. Besides, the high heating rate could
increase the char activities at higher temperf@jesas it can lower the amount of

deposit of pyrolytic carbon which retards the reactivity and generating a carbon matrix
with defective microcrystallites, and this could pravidgher concerstion of active

site[43] The phenomenon mentioned abeovauld accelerate the decomposition and
conversion of ch& and to form more inorganic K compounds (i.e. KO ® and

K>SQ) andcould beeleased at high temperat(4d$ As indicated in Table 535 high

final temperature 1ikBOO and 1000 , the higher the heating rate, thssthe

detectable &S clusters also proves that mosg8@could be releasedhichis one of

the main K compounds that been released at high temperatures. Moreover, the declined
heating rate could cause more secondary reactions as it enables an extended residence
time of the volatiles in the particldd] while the high heating rate can inhtt
secondary reactismfter the devolatilisation procg45] The shorter stay and less
secondary reactions could also lead to a more escape of K content during the combustion

process of biomass.

5.4.3 Summary of findings

The heating rate has a great influence on the tmansitig content during the
combustion process. In this study, at any given temperature, increasing the heating rate
from 8 /minto 25 /min would resultin 20% more loss of the initial K concentration

after combustion. During lemedium temperature rangeativeg rate affects the K

release by decreasing dipparentactivation energies of biomass decompositions and
release more volatile matters related K, as well as the break of low BDEs required K
bonds; the released K could react wigh Bind HCI to genemtmore KOH and KCI.

While at high temperatures, the heating rate influences the release of K by significantly
changing the particle structures, like the shrink and collapse of porosity structures and

generating large cavities, expose and release merdooeatied K. Besides, the high
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heating rate cauppress the surface diffusion and secondary reactions, but enhance the
activities of chaifhese could also result in the more release of K during the combustion
process

5.5Summary of the chapter

This chaptenimsto understand the effects of opergtfactors (final temperature and
heating rate) on the transition performance of K during the combustion process of wheat
straw. The experimental studies were performed in a «ledigmed FBS, the collected

solid residues were analysedI®f-OES and SEMEDX techniques, and a general

conclusion can be summarised as:

1 Final Temperature

Through the investigation of testing ranged from 28000 , the final temperature

has significantly affected the transition padace of K during tH@omasgombustion,

the higher the final temperature, the less the K that left in the solid residues. Three stages
of K release can be observethadinal temperature increased: The first stage happens

the release of loosely bondednd partial organic K, which causes about 25% loss of

the initial K. The second stage is likely to occur the transition of existence form of K,
from thermally unstableompoundsto thermally stable compounds like KOH and
K2CQOs, during which, only 5% more of the initial K was released. While at the third stage,
the abundant release of inorganic compounds is the main reason that causes the loss of
K from biomass, and during which, nearly 30% more of the initial K wiiséosilso

be concluded that the majority part of K exists inside thdilsteomnel 6the biomass

particles. Athe temperature increased, the breakdown and collapse of particle structure
could accelerate the release of K since it can expose more agdekl@ontent. In

addition, the existence of Si could help to prevent the loss of K as the Si matrix can

capture the K and generate more statie ¢compounds that can stay as solid residues.

1 Heating rate

Three heating rates (8min, 17 /min and 25 /min) were selected to perform the
experiments in this chapter. As a result, the heating rate also has a great influence on the
transition performance of K during the wheat straw combustion, the higher the heating
rate, the less the K that left in the solitdues. The difference between the K in the

solid residues under the heating rate of@dn and 17 /min is within 5%, while this
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value sharply increased to 25% between the results of heating rateiaf &hd

25 /min. At low-medium temperatureligh heatng rate affects the K release by
influencing thanolecular motions and accelerating isenass decompitisn, the

release of volatile matters related K, as well as the breakdadyih-of lbonds, leading

to the more release of Kt ligh temperaturelseating rate affects the particle structure

to accelerate the K release, the higher the heating rate, the more coalescence of small
pores to generate large cavities and more open structure, which exposed more inside
located K, and thus, accelerates thenggasition and sublimation of K compounds.
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CHAPTER 6

PREDICTION OF THE RELEASE OF POTASSIUM
COMPOUNDS DURING BIOMASS COMBUSTION

This chapter describes thesults produced using a #step kinetic model. In the
beginning, the chapter describesbdel setup, validatiomhen the estimated results

are presented in two parts: the predicted results of release profiles of K compounds and
the reaction paths amp different K compounds.

6.1 Background

As indicated in the results of the experimental study in Chapter 5, the final temperature
has greatly affected the transition performance of K, with thernperature increased

from 200 to 1000 , over 60% of the total Kasbeen released. However, the existing
experimental methods can only allow the determination of the overall released amount of
K during the combustion process; they are unable to determine the release profiles of
different K compunds.To obtainsuch information, a tw&tep kinetic model has been
developed in this study, which consists of the biateastatilisatioprocess and the
reaction of gas species in the combustion environment. Therefore, the change of reaction
temperatue on the change of release profiles of K compounds during the combustion
process will be investigated, in order to acquire the detailed information on the release of
different K compounds, as well as a better understanding of the reaction mechanism of

K compounds at different temperatures.

6.2Model setup
Wheat straw has been selected as the biomass material due to its high concentration of K
content[1]. Themajor chemicalompositions of wheat straw and the calculated initial

input values are summarised in Table 6.1.

At the devolatilisatiorstage, biomass was heated at a heating rate higOuntil

reached a designed final temperature that is ranged2fforlB27 , with a 100

interval. Once theevolatilisatiostage was completed, the homogeneous combustion in

the gas phase will take place at each final temperature with a residence time of 10 min.
Then the release profiles and the reaction path o¢diflecompounds will be obtained.
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Table 6.1 Characteristics of wheat straw and initial input values

Biomass Oxidizer

Cellulose> Hemicellulose® Lignind  HO ar K db Sdb Cldb (O]}

Fraction, wt%  48.27 31.60 2012 900 120 017 027 -
Initial inputs, —, o 103 23103  9.x10¢ 5.0d03 3.1x104 53105 7.6<05 3.58%10

mol/g biomass

* db = dry basis; ar = as received

6.3 Validation of the model

The model has been validated in two parts: firstly, the validation of the yielded products
from thedevolatilisatiopart; secondly, the validation of the yielded K compounds from
the combustion part.

Figure 6.1 compares ttevolatilisatiomesults betwan the experiment and modelling.

As we can sewiith the increasing dihal temperaturetheyieldsof gas products are
increased, the solid products, however, are decreased. This trend agrees well with our
experimental data illustrating thattirduresof cellulose, hemicellulose and lignin could

be used to represent the thermal decomposition properties of biomass j2hianls

the results from the tesessummarised in Figure 6.1 as well.

Tested-Gas products # Tested-Solid products
® Predicted-Gas products m Predicted-Solid products

7 7 7 7

12 727 92
Figure 6.1 Distribution of yielded products afésolatilisation

100%

80%

60%

Mass fraction

40%

20%

0%

32 52

Temperature, °C
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Also as illustrated in Figure 6.1, at 12the predicted yield gas productis less than

20% of the initial amount of biomass, while this value raises to 30% and 60% at a
temperature of 327 and 527 , respectively. With the temperature further increases,
the predicted yield of tigas proddsremains nearly constaartda similar trend can be
observed from the test results too. When the temperature is lower thantts27
predicted amount of weight loss is higher than that of the measured results. At low
temperature like 127, the evaporation of moisture content fronbilbenass dominates

the weight loss; the moisture content of the biomass studied in the model is set as 9% as
thereceived basis (see Table Bdyever, the samples that used in the experiment are
almost dried powder, resulting in the less loss of \atilgiw temperature. When the
temperature is higher than 327the modelnderpredictsthe yield ofgas products
(mainlyvolatile mattgy this is because of the tested samples are the mixture- of high
purity compounds which contains negligible ash andatmioatents, but the model
considered wheat straw with 5% of ash content and a certain amount of mineral species.

The prediction of the yielded major compounds (KCI and HCljreftmymbustion is

shown in Figure 6.2ndthe yields are presented in tim of mole/g biomass and
compared with the work of Wei et[8l; in their study, FactSage is used to perform
thermodynamic equilibrium analysis to determine the release of K compounds during
biomass combustion.

1.0E-04
KCI-This study
S0E-05 HCI-This study
KCl-Reference
Z 60E-05 | )
§ HCl-Reference
2
&0
>
= 40E-05 |
20E-05 F
0.0E+00 Y - ! I — s |

300 600 900 1200

Temperature, °C

Figure 6.2 Comparison of results between this study (solid lines) and3hgl&sfediotted
lines)
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Notably, Figure 6.2 shows that the predicted amounts of the selected gas species from
the reference are higher than the predicted results in this work. Firstly, the initial input
values of K and Cl in tlieference are higher than that in this study, as indicasddein

6.2;a high chlorine content could contribute to the high yietiidaside, especialiCl

and HCI . Secondl vy, Wei 6s met hod assumed
equilibrium site, simplifying the importance of residence time. Thirdly, as mentioned
before, major chemical components are used to represent biomass material in this model
instead of the commonly used elemental composition, the ditfexetdatilisation

reaction mechanisms that used in the model could affect the products in the gas phase
and the relevant reactions. Despite the above differences, the predicted results in this
work show a good agreement with the referenced results: the release peaksdof KCI

HCI all appear at 927 and 727 , respectively; the released amount of KCl becomes

flat when the final temperature exceeds 92 is worth to mention thaho
experimental data aisting with such detailed yields of various kinds of K compounds,
while the similar trends against equilibrium modelling results illustrate that the predicted

results from this model are reasonable

Table 6.2 Initial Input of K and Cl (mdg biomass)

This work Ref.[3]
K 307 329
Cl 76 132

6.4 Predicted results of the release of K compounds

6.4.1 The release profiles of K species

This model includes 13 possible K compounds that could be released as gas products
during the combustion process: K, KO, KRSG, KSG;, KOH, KCI, KH, KSOCI,

(KOH)2, (KClp, KHSO,, and KkSQ.. However, not all of the mentioned K compounds

are released or yielded in large fractimstead, some of those may play significant roles

as intermediate species during the reactions, either facilitatiigtorg the conversion

of K content into the major species and thus affect the release of K conypoUndier

this circumstance, the predicted results from the model are bhitadeeb parts: the

release profiles of major species and the release profiles of intermediate species.
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6.4.1.1Major species

According to the previous stufd7], during the combustion process of biomass, K
mainly released in the form of KCI, KOH an8®. Besides, the existence of Cl species,

like HCI, would promotéde release of K contdit 9] The releagarofile of HCl is thus

crucial to the release study of K. The released mole fractions of these major species with

the increase of final temperature are shown in Figure 6.3.

As shown in Figure 6.3, the notable release of HCI starts first, ab#é@Ahdraction
quickly reaches its peak at 72With 8.810 %, and then the fraction starts to decline.
When the final temperature exceeds 92the release of HCl becomes negligible
compared to the rest of the major species. The notable release of KKEEb&aArtsand

its release in large fraction begins at 623llowed by a steep increase te101% at
927 . Then the increases of fraction slow down, and fieadll.3<10° % at 1127 .
While the release of KOH becomes notable when the final tamgperaceeds 927,
then the fraction sharply increased, and reaches its peak agtvif27.5¢<10“ %, and
then starts to decline. However, the fraction.8fis negligible compared to the rest
of the major species when the temperature below 10Rifjumped to 5410* % at
1127 , yet still lower than that of KCI, with»31.8“%, but almost the same as that of
KOH, with 5.%10*%.

1.5E-03
KCl
~-KOH
K2804
= 1.0E-03 |
£ LOE03 £ o
g
< 50E-04 F /
=
//
0.0E+00 "o " :
300 500 700 900 1100

Temperature, °C

Figure 6.3 Release profilethefmajor species

During the combustion process, Gldelly released at Idamperatures in the form of

HCI [10] mainly from the icexchange reactions with suitable functional groups in the
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organic matrix11], which occupies 280% of the initial Cl contefit1] Nevertheless,

the dominant Cl compounds found in biomass is in the form of KCI, which remains stable
in the solid state until temperature reaches aBdut-827 [10, 1215] When the
temperature exceeds this range, the sublimation bek&@hes of a dominant path to

the release of both K and Cl and remains as one of the major K compounds that released
the most. The yield of KOH is negligible compared to the amount of KC| and HCI at
temperatures below 927due to the largemountof HCI, KOH is mainly converted to

KCl via R61. Thissalso reflected by the large fraction of the released KCI, which means,
apart from its sublimation, the major contributor of KCI in the gas phase is the
consumption of KOH by HCWhen the temperature exce8@7 , the release of HCI

is in small fraction compared to the rest of the major species and continuing to decline;
KOH, however, starts to release abundantly without the consumption of HCI. Meanwhile,
the fraction ofeleased KCI becomes constant, dileetdack of HCI retards the R6

As for K:SQ, it is thermally stable at lomedium temperatures, andiaaltemperature
increaseto 1127 , K,SQ, will be evaporated and released gradaéllyrom the

biomass and becoming arfehe major released species of K at high temperatures.

In summary, during the combustion, HCI would be released abundantly at low
temperature. The dominate K compounds found in the gas phase is KCI, which
represents more than half of the released Knten@nd the release of KCI is mainly

from its sublimation and through the R@ he release of KOH starts after the complete
dechlorination, due to the reaction between K and water vapour which is governed by the
thermal decomposition of carbondieq K.SQ. will not be released untisafficiently

high temperatures reachedand its release is dominated by evapoifatori§ The

predicted formation and release performance of these major species agreed well with that

concluded from the experimental studiBs1820]

6.4.1.2Intermediate species

During thedevolatilisatioprocess, loosely bonded K will be firstly released in the form

of K*, which could react with other presenting organic and inorganic[4fe@#&23]

in addition, the inherent inorganic K could also interact with other components during
the thermal conversion process. These could involve important intermediate products,
which affect the release rate and type of K compounds. As the intermediateigpecies

be thermally unstable and the reactions can take place within a very short time, it is,
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therefore, difficult to get a detailed release profile and the yields of intermediate products.
Thus,it makes this part valuable since it can provide infonmegjarding the release of
intermediate species. The amounts of selected important intermediate species as reported
in the literaturg24]andare summased in Figure 6.443, in which the changes of the
totalamounts of these species with the change of final temperature are demonstrated.

LSE-03 3 3.00E07 15615
KCl s [KSO2
N ~-KOH ‘ KSO3
'g— LOE-03 F e (KC1)2 4 2.00E-07 E LOE-15 b, kHSO4
k = (KOH)2 E
) / P
= 5.0E-04 // 4 1.00E-0 ;_3 5.0B-16 |
/ !
A |
0.0E+00 ] A el 0B+ 0.0E+00 L — e
300 500 700 900 1100 300 500 700 900 1100
Temperature, °C Temperature, °C
(@) (b)
2.0E-07
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1507 | RO2
T LOE-07
g
= 50B-08
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(©)
Figure 6.4 Release profiles of intermediate species

As indicated in Figure 6.4 tagre are two intermediate K compounds released in large
fractions during the combustion: (kGhd (KOH). At the final temperature below

627 , (KCl} has a larger fraction thdmat of KCI. The resuihdicates that, when the
temperature is relatively low, KCIl is more likely to be bonded with each other to form
(KCl), resulting in the release of K mainly in the form of {liCihese temperatures.
Then the fraction of (KCGljeaches its peak at 82Fwith 1.x10*%. With the final

temperature further increases, the generated $k&013 to dissociate to form KCI, and
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along with the R&, boosts the fraction of KCl when the final temperature exceeds 827
As the final temperature exceeds 92he fiaction of (KChstarts to declineneanwhile,
the fraction of KCl becomes consistent.

During this period, the fraction of (KOHB negligible compared to the rest of the major

and intermediate K compounds indicated in Figure 6.4((aht Y-axis) However, the

release of (KOH)n noticeable fraction appears at the same time as the fraction of KOH
becomes obviouthis reveals that KOH undergoes the same route as KCl does. At the
initial stage of release, KOH tends to associate with each other(t6d@d1),; however,

unlike (KCI), the formed (KOH)is in a small amount and might be thermally stable at
these temperatures. Nevertheless, due to the low concentration of KOH, the association
rate of KOH to form (KOH) might be much lower than the ret¢eade of KOH, leading

to the small fraction of (KOHK)n the gas products, which reaches its peak at the same
temperature as KOH at 1027but with only 3.8107%.

As discussed above, the formation of large fractions of §d@KOH} illustrate that
the homogeneous reactions of the K compounds could occur dudegdlatilisation
and combustion process. Therefore, the release path of K chloride and hydrate species

should follow the summarised reaction sequences:
K ¢ KCI +Kgdl KCI( KC g. 61
K¢ KOH + KOH.00p KKHOH) -2

The estimated result in Figure 6.4 (b) indicates that nearly conpunds released at

low temperatures, which however, starts to release when the final temperature exceeds
927 . KSG: released in significant fraction after 92@nd then sharply increases to
1.4x10"° % at 1127 , while the release of KSid noticeable amati appears after

1027 , and the fraction reaches its peak at 11@ith only 7.810"%. As we can see,
during the combustion process, both K&@d KSQ are released in small fractions
compared to the release of major species like KOH, KCL&@y Khis result indicates

that KSQ and KSQ are more likely to react with other species to form stable species
(e.g., KSQ) through the reactions R@and R&. KHSQ starts to release in noticeable
fraction at 1027 and reaches to its peak at 112%ith 1.8&10%°%. Apart from the

direct release of KHS@t high temperature, the reaction that follows therRight be

another reason that causes the sharp increase of the release ofTKKS® also
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reflected by the results in Figure 6.3 when the finaétatme exceeds 1027the
fraction of KOH starts to decline.

The release profiles of KO and K&e illustrated in Figure 6.4 (c), which fractions are
negligible when the final temperature is lower than.92&vertheless, the fraction of
KO, is always gher than that of KO, especially when the final temperature beyond
927 , the difference of the fraction between KO and K€&ome£normousBoth

KO and KG; reach their peaks at 1127with 1.&10® % and 1.¥107%, respectively.
During the combustioprocess, when the concentration of oxygen is sufficient, K likely
to convert to KQ firstly via the R& and further react with excess oxygen to generate
KO via the R&. At low temperature, KO could also react with) B® and HCI to
generate KS§) KOH and KCI, following the R8B-R69. However, as the final
temperature increases, the decreasing of the fraction B§@G@nd HCI could slow the
depletion of KO, which in turn, results in the release of KO in a relatively higher fraction.

KOH + HCI 4 KCI + R61
KSO, + KO, 0 180, R62
KSO;+ KO 80 K R63
KOH+S0s¢ KHSO R64
K+ 0.0 KO R65
KO+ O ¢ KO + O R66
KO+S0,¢ KSO R67
KO+HO0 ¢ KOH + OH R68
KO + HCI ¢ KCcCI R69
2KOH + SO: ¢ #5Q,+ H-0 R610
KCI +KOH + SO: ¢ ¥5Q, +HCl R611
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6.4.1.3Summary of the release profiles of K

Through the above discussion, a generalized reaction path of K during combustion is
summarised in Figure 6.5 to indicates the potential routes of K after been released. Indeed,
the reaction path is varying with the geaof final temperature. Figure 6.5 shows that

the intermediate species (as presented in blue colour) are thoroughly involved in the K
transition and play a crucial role to generate the major K compounds: KOH, KCI and
K>SO (as presented in black colobiowever, the intermediate species are all released in
minor fractions as presented and discussib@ previous part. This suggests that the
generation of detrimental K compounds (e.g. KCI, KOH ag@)Kmight be mitigated

if a suitable method could bevdloped to alter the formation of intermediate species. As
the intermediate products have not been detected experirf2tjtdlly of great interest

to obtain the information regarding the intermediateesfemin this model to guide the

design of future experiments.

Intermediate species

— Major species

(KOH).

| KSO: — KO
- kSO, f—— KHSO.

| KSO: |

Figure 6.5 Generalized reaction path of K

6.4.2 The reaction paths of K species

According to the different final temperatures, the results of detailed reaction path
followed by K are presentadcording to low (327-527 ), medium (627 -827 )

and high (927 -1127 ) temperature ranges. Figuregs&illustrate the transition of K

among different compounds during the combustion process at different ranges of
temperature. It is wortiotingthat thevalues on the arrows in the graphs are the rates at
which species afermed from other species, knffs, the larger the value, the higher

the formation rate of the targeted species. While the shade of the arrow represents the

occupation of the reaction among the overall reaction rate.
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6.4.2.1Low temperature range (32527 )

As been discussed before, at lovperatures, there is only a limited amount of K been
released, which mainly comes from the Iebeelyed and organicallgsociated K. As
illustrated in Figure 6.6, at 327the reaction between KCI and KOH is the only major
transition, while the transiti® of the other K compounds all occurred at low rates. At

427 , apart from the major transition route from KOH to KCl, the intermediates species

KO and KG; and their transitions to KOH and KCI start to become more significant.

The same result can also bsewsved at 527 but with even higher reaction rates; since

the increasing of temperature results in the more release of gas species and K that involved

in the reactions.

0.00882

0.000525 @
0.00836 . X

Scale = 1e-10
Reaction path diagram following K
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Figure 6.6 Reaction path diagrams of K in the low tempeeatgeithe value on the arrows in

represents the rates at which species are formed from other specie§skmol/m
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Figure 6.6 also shows that, as the final temperature raised, the rest of the K compounds
and their transition rates are negligible compaiteel ttansition among KOH, KCI, KO

and KQ.. As aforementioned, HCI starts to release at low temperatures (around 427
which causes the depletion of KOH to form KCI following thé.R&reover asthe

final temperature increased, more loosely bonded Korgianically associated K are
dissociated and then released, which can be either oxidized or reacted with other
hydroxide compounds and to form intermediate species, such as KO.aitdedO

these phenomena could accelerate the transition among KOKOK@IH KO,, which

are all reflected by the high rates on the arrows. Besides, as shown in Figure 6.6, the release
of (KCI), start to appear with high rate at 52and gradually become one of the major
released K compounds. This agrees well with the presknted in Figure 6.4 (a), (KCI)

is the main released K compounds when the temperature belowfd@ived by the

KCI. However, (KOH)only has a negligibileactiorrate within this temperature range.

Moreover, no KSQ: can be observed in the reaction paths in Figure 6.6, instead, the
transition routes from other K compounds to KHIKEO, and KSQ are noticeable,

but all inlow reaction rates. This reveals that the formation®fsiecies may start at

the early stagd thecombustion, but the transition and release of stabledtpounds

(i.e. KSQ) are favoured bthe high final temperatures. As discussed before, at this
temperature range, there almost no inorganic K is retbasefibrethe reaction path

in Figure 6.6 mainly reveals the potential transition routes of K after it dissociates from

the loosely connected bond and organic matrix.

6.4.2.2Medium temperature range (62827 )

Figure 6.7 shows the reaction paths of K in the medium sgorpeange. The transition

routes become more cotcptedwith the increasing of the final temperature. Additional
transfer paths are involved during the combustion process compare to the results of the
low temperature range. Among all the transitioespKICl| and KOH are still the final
products of most of the reactions within the pathways. Within this temperature range, the
depletion of KOH to form KCl is still one of the major reactions, due to the existence of

a large amount of HCI during this tenapane range, this is also reflected by its high

reaction rate.

As the final temperature further increases, conversions of other K compounds to KCl are
increased, such as from KO and.K@KCI through the reaction with HBlesidesthe
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formation of KOH wauld also involve more species, e.g., KO, &@ KHSQ that

could react with D, which is generated from the decomposition of carbonates at high
temperatures. However, due to the abundant existence of HCI within this temperature
range, the KOH related stimns are all in low rates. When the final temperature reaches
827 , the rates of all the transition reactions are accelerated quickly, among which the
transition sequence K KOH ¢ KCI is the major reaction route of K, leading to the
release of KCI in large fraction, this can also be observed in the results presented in Figure
6.3. Although the release of HCI starts to decrease at temperatures beyors 727
illustrated in the reksi summarised in Figure 6.3, however, still in large fraction. This
causes the high reaction rate of KOH ¢ K
routes at the medium temperature range. Meanwhile, d&SImore involved in the
reaction of KCWithin the medium temperature range, while the reaction rate ok (KOH)

is still negligible compared to the rest of the K compounds.

Scale = 1e-10
Reaction path diagram following K

627
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Figure 6.7 Reaction path diagrams of K in the medium temperatu(theavnglele on the
arrows irrepresents the rates at which species are formed from other specie§skmol/m
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As shown in Figure 6.7, within the medium temperature range, {8czentpounds
start to involve in the reactions with other K compounds. At /&% transitions of
other Kcompounds to KSQ, start to occur, and.RQ,becomes the terminal of most
of the transition routes at 827 However, all the reactions towardS®&are in very
low reaction rates, indicating the contributions of other K compounegS@ddntent
are smabluring the combustion at this temperature range. SBOadthermally stable
at these temperatures, most of the released K is still in the form of KCI.

6.4.2.3High temperature range (9271127 )

The reaction paths of K at the high temperature range stratéid in Figure 6.8. The

rate of formation of KGOk slowing downandmeanwhile, due to the depletion of HCI,
more KOH starts to form as well as the conversion between KOH and (KOth)n

this temperature range, K&&Dbecomes more involved in tieaction with KCI, while
KHSO. is the major species involved in the reaction with KOH. However, the formation
rate of KO from KQ sharply decreased from 1.0 knmd¥ at 927 to 2.x10*
kmol/m®s at 1127 . As indicated in Figure 6.5, the decrease efcki@ent would
directly affect the formation of KO, and thus reduce the formation of KCI, KOH and
KSQO;, which could decrease the formation £8®. Nevertheless, at high temperatures,
nearly all Cl and® contents are releag8f meaning the reaction paths of K + CJ/ClI

¢ KCI ana ¢K K+QH a r eriticalat highaemgesatures, this indicates
that the formation of KCI and KOH are mainly via the intermediate species, like KO,
(KCl),, (KOH),, KHSO, and KSQCI. This reveals that the decline of the formation of
KO is one of the crucial factors that triggersldueease of the release of KCl and KOH

as temperature increased, alongside the consumption efa(iGIKOH) contents.
Nevertheless, as presented in Figure 6.8, the total consumption rates of KCl and KOH
are slower than their formation rates, whicmsK&l and KOH are still the major K

compounds that released at the high temperature range.

Within high temperature range;SK) is the final product of most of the reaction
pathways, including the transition from KCl and KOH.&Xvia the possible raams

of R610 and RA1. KSQ, KSOCI and KHSQ are the most important intermediate
species that are involved in the transitions, and they are chemically stable in the gas phase
at this temperature rand8] which makes them detectable as gas species. As discussed

before, there is a steep increase of the releage@@K 1027 ; however, as shown in
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Figure 6.8, the reaction rates that towaB0OKare all negligible compared to those of

KCIl and KOH, even though,RQ: is the final product of most of the potassium species.

This illustrates that the release §8® at high temperature is mainly contributed by the
inherent KSQ,content in biomass amide ones that generated at the early stage of the
combustion which in the solid form. While the transitions of other gaseous K compounds
to K,SQ: are too small to trigger the leap of the releaseS Kontent at high
temperature range. The result edseals that the release eB&: is less dependent on
intermediate potassium species during the combustion process. It is reported that there is
a twostep release mechanism of S determined during the combustioropbareass

[15] The first step happens during thevolatilisatiorstage, when the organically
associated S content is released, which makes up about 50 wt% of the total S in the
biomass; the second step occurs at thebdnaout stage, during which, the inorganic S
content is mainly released, including the evaparake8Q:.conten15] The released

S content at théevolatilisatiostage is mainly in the form of oxide, like 8@ SQ[7]

and then could be recaptured and happen the secondary reactions with char matrix. This
process coulicilitate the formation of2&Q; in the solid residues, which remains stable

until the temperature is high enough for its evaporation. This again proves the previous
discussion that partial of the releas&@CKcontent at high temperature comes from the

reactions of sulphide at the early stage of the combustion.

Scale = 5.2e-10
Reaction path diagram following K
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Figure 6.8 Reaction path diagrams of K in the high temperaturghargéie on
the arrows in represents the rates at which species are formed from other species,

kmol/m3s)
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6.4.2.4Summary of the reaction path

As indicated in Figure 66, (KCH and (KOH) can only be formed from and
disassociated to KCIl and KOH, respectively. This reveals that during the combustion
process, the way to generate and deplete @@dlYKOH) contents is only via the
homogenous reactioAlso, from the reaction pathways that demonstrated above, one
major transition cycle can be identified from each temperature range according to the
reaction rates. These cycles represent the transition thatitesppenedhe most
frequently at different ranges of temperature, which indicates the consumption and
formation of each species that included in the cycles are with high reaction rates. The
transition cycles of different temperature ranges are pilasdfitrire 6.9.

The result indicates that, with the increase of final temperature, KCI and KOH are
gradually replaced by K and k3®the major transition cycles. As demonstrated in
results inFigure 6.3the release of KOH and KCI contents become aainathen the

final temperature exceeds 92'meaning the transition rates of KOH and KClawe

their depletion and formation are not changed a lot. The involvement;@skesi@ajor
species in the cycle in Figure 6.9 (c) indicates that ihighsreaction rate at high
temperature, which could facilities the formation A&QK This suggests that the
formation of KSQ: is favoured by the reaction of KS&®ntent. However, since more
KSGQ;is involved in the major transition cycle, its contribuitretformation of KSQ,

is less important. This means the quick releas8@fat high temperatures is not mainly
contributed by the reaction of other K compounds, instead, relies more on its original
concentration in biomass and the formation of iéiate K compounds at the early

stage of combustipas discussed before

KO  KOH KO~ KOH KO  KSO,
‘.‘ | \,\4‘ || ”{7 \ ]
b KO, KCl b
KO, , K KO, K

(a) Low temperature (b) medium temperature (c) high temperature

Figure 6.9 Major transition cycles of K in different temperature ranges
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As we can see in Figure 6.9, &@l KGQ are the only two species that involved in the
transition cycles in all temperature ranges, which are the main contributors to form the
major K compounds (i.e. KOH, KCI and3Q,) in the gas phase during the combustion
process as discussed in thevipus part. As presented in the results in Figure 6.4, the
release amount of KO and K@ontents are all negligible compared to the major K
compounds when the temperature is lower than 98éwever, the large reaction rates

of KO and KQ related transitions in Figure-6.8 reveals that KO and K@re existed

in large amounts, meaning that the initial released K content mainly exists in oxidised
forms, and they are more likely to react with other components to generate chemically
stableK compounds and been released afterwards. As a result, appropriate control of the
reactions of KO and K&luring the combustion process could be helpful to prevent the
generation of the major K compounds.

6.5 Summary of the chapter

This chapter presented tediction of the release profiles of K compounds and their
reaction paths at different final temperatures using the develogsdptwmetically
controlled model.

The results showed that by giving the initial compositions, it is possible to usel the mode
to predict the release profiles of K compounds during the combustion process of biomass.
The modelling results demonstrate that KOH, KCI agslOKare the major K
compounds to be released during the combustion. KOH is more likely to be generated
during he K release process, which involves the reactions of intermediate K compounds.
KOH and KCI are the main forms of released K compounds throughout the whole
temperature range, while the released amousbOf i€ negligible if the temperature is
below 1027 , but its release sharply increases to the same level of KOH at Th&7

reaction path diagrams show that when the final temperature belowK&H and

KCI are the two final products wiost of the transition&,SQ; is the final product of

the majoriy of the transitions when the final temperature is in the range 0fl827 ,

but all in low transition rates. The reactions that involve the intermediate K compounds
are more important to the release of KOH in addition to the release of initial
concentriions of KCl and KOHwhile the release of,8Q, is highly dependent on its

initial concentration in the biomass and the reactions in the solid phase at the early stage
of the combustion.
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The higher the final temperature, the more complex the reactisropétican be
acquired from the model. The intermediate K compounds are released in minor amounts
as gas products when compared to those of KOH, KCI £&1@, Kandthis illustrates

that during the combustion process, the intermediate species are stedlynethe
reaction system and then quickly converted to other major specissvenalyf them

are thermally stable and detectable in the reaction systemis @ &8y intermediate
speciedt represents most of the gas phase K when the final temperature is below 727
KO and KG; are two most important intermediate species during the transition of K
throughout the whole temperature range and significantly affect the conversions of KOH
and K. KSQCI and KHSQcould participate in the transitions during the combustion
process and finally converted & &.
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CHAPTER 7

EFFECTS OF CHLORINE AND SULPHUR
CONCENTRATIONS ON THE RELEASE OF
POTASSIUM COMPOUNDS

This chapter presents and discussesstimatedesults of the release of K compounds

via the developed model, aiming to investigate the release profiles of K compounds with
the change of concentrations of Cl and S. For each part, themeskented according

to two aspects, which are the changeleése profiles of major species and the major
transition cycle of K.

7.1 Background

In biomass, Cl is regarded as a crucial micronutrient for the growth offljplanis
absorbed from the soil apdesent mainly as @1 the plant. Cl normally exists in high
concentration in biomass aitsnaryfunction is to maintain the pH level, regulate the
osmotic pressure and stimulate enzyme act[\titBds Meanwhile, S is assential
macronutrient as its related protatag also affect the growth of plants. It is also
absorbed from the soil and present both in organic and inorganic forms jd]pldrs
absorbed S is typically in the fornswphatesand then transported upon reaching the
leaves of the plant, during which, a gradual reduction takes place, leading to the
incorporation of S into therganic structure of the plgbf. The long migration of S
results in a wide variety of S compounds in different oxidation states {&]plant
Moreover, high gwth rate lhimass, like annual cropsedhigh production rates of

proteins, and thereby require a high S concentration in the hgjmass

During the combustion of biomass, elemental Cl and S are partially released to the gas
phase, where they experience several chemical reactions and form7eifds®ls
released Cl and S are also related to the formation of deposits in biomakd Bbilers

and are thieadingcause of induced active corrosion during the combustion of biomass
[1012] Apart from the alkali metals, Cl and S are the entistl aeroseforming
element$13, 14] Different research groups have studied the release mechanisms of Cl
and S during the thermal conversion of biomass fuels intensively. The general release

mechanisms are summarised below:
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The release mehanism of Cl.According to Johansen et[&b] HCI| and KCI are the

most abundant @lontaining species released during the combustion of biomass.
Normally a twosteprelease of Cl can be observed: the release of organically associated
Cl at low temperatures, and the sublimation of inorganic Cl at high temgd&ratéres

17] At low temperatures (<300, about 2660% of the initial Cl contergreleased

[17] Organically associated Cl confte®it 19]sustally released release independently of

K [15] and mainly in the form of GE1 and HC[20] At temperatures of 300 700

Cl is mainly released in the form of HCl and may be partiggredan the char via
secondary reactions with available alkali metals to form KCI, then sublimated in abundant
at temperatures above 70(R1] This recapture and-release process could reduce the

net release of HCI but facilitates the net release of KCI. The congalsteaeCl content
happens in combustion conditions where the final temperature exceededl&g0et
al.[22]reported that a high CI content in the biomass could facilitatdethgerof KCI

to the gas phase during the combustion process.

The release mechanism of Similar to the release of Cl, there is astejp process for

the release of S during combustasnwell which is the initial volatilisation of S that
originates from organically bounded S, while inorganically bound S is released at high
temperatured 5] About 6675% ofthe S contained in biomass is organically §a@8hd

The major release of S happens durindgdhelatilisationf the biomass, mainly in the

form of SQ. The release of S at low temperatures (<»@0mposes up to 50% of the

initial S content in the biomass. After releasecébe partially recaptured and react
with char matrix and other inorganic elements, @#dssiated by Glarborg ef24] the
oxidation of S@to SQis the initial step of the KCI sulfation process, which controls the
generation of KSQ.. Alongside the remaining inorganidadigdedS that is retained in

the solid, they are sublimated or/and dissociated at temperatures[?2906, 25]as

well as the reelease of the recaptured S content at the early stage. Through the

investigation, the complete release of S content is achieved at abo(it 3300

As shown in the above mechanisms, the release of Cl and S is normally associated with
the release of K compounds durihgbiomassombustiorprocessHowever, de to

the lack of direct detection methods of K compounds, the effects of the initial
concentrations of Cl and S on the release profiles of different K compounds are still

unclear. Knowing to what extent the different K compounds are released corresponding

130



ity

hclyde

Strat
Glasgow

to the initial concentrations of Cl and S can help us to better understand the release
mechanisms of agbrming elementsAlso, this kind of knowvddge is crucial to the
selectionand preparation of the biomass materials for the combustion and the
optimizaion of the reaction process.

7.2 Model setup

The model setup was based on Chapter 6, the investigation on the influence of
concentrations of Cl and S on the release of K compounds is achieved by adjusting the
initial input value of Cl and S contents. In ghisly six cases were considered, which
refers to the scenarios ofl€n (case 1),-G@brmal (case 2),-€th (case 3);I8an (case

4), Snormal (case 5) andigh (case 6). The chanmeS| and S concentrations were the
calculation based on the imf@tion in Table 6.1. The Cl and S concentrations that listed

in Table 6.1 were regarded as tfegjularconcentrations, while the concentration in
Cl/S-lean situation was calculated as half of the normal CI/S concentration and the
concentration in Cl/®ich scenario was calculated as double of the normal CI/S
concentration. The summarised initial inputs of Cl and S ce@memresented in Table

7.1.

Table 7.1 Initial input values of Cl and S

Cl S
Case 1 2 3 4 5 6
Initial inputs,
mol/ g biomass

3.8x105 7.6<105 1.5<104 2.%10°5 5.3x105 1.1x10+4

7.3 Effect of Cl concentration on the release of K compounds

7.3.1 Release profiles of major species

As investigated in Chapter 6, KCI, HCI, KOH ag8dX are the major released species
during the combustion process, while (K2l (KOH} are the important intermediate
species and represent a majority part gitgese K at lownedium temperature range.
In this section, the change of mole fractions of the abosgecies with the change of
different initial inputs of CI content accordimghe final temperature is summarised in
Figure 7.1. As presented in Figure 7.1, the change of initial Cl contesigrhifisadn
influence on the release mole fractionthefmajor species during the combustion

process.
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Figure 7.1. The changes of release profites mfjor species with the change of initial input
of Cl

Figure 7.1 (a) illustrates the release profileSiKinder different conditions. As we
can see, there is almost no releaseStHikcontent before 1027; thus the influence

of initial input of ClI content becomes negligible. However, when the final temperature
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surpasses 1027 there is a sharp release £8® content, and the lower the initial input

of Cl content, the higher the release fraction. 80K In case 1 and case 2, the release
profile of K.SQi.are similar to each oth#rey reached their highest released fraction at
1127 , with 5.%10%% and7.0x10"%, respectively. The release 8@ also reached

its highest fraction at 1127in case 3, but with only £19*%. The release profile of
K2SQ, reveals that the high initial CI content can inhibit the releas8@f &nd the
effect is morevidentat high final temperatures. According to the reaction mechanism,
KHSO. is an essential intermediate species to fgB@: uring the combustion process,
and KHSQ can be generated from the reaction of Bih KOH via Ré&4 [24] As
illustrated in Figure 7.1 (e), the higher the initial Cl content, the lower the release fraction
of KOH, especially in case 3, the release fraction of KOH is much less. This could lead
to less formation of KHSQand then causintpe less formation of ¥5Q., which is
generated through the reactionlRZ4] In addition, as the Cl content increases, more
KCI will escape as gaseous products, which could also lead to a decreaseatidhe gene
of K;SQ, species through the reactionZ{24] Withtheincreas of initial Cl content,

more K could be released in the form of KCl and {k€ihe early stage of combustion,

as shown in Figure 7.1 (c) and (d). According to the study, the relea€eisfa/oured

by high temperatuf&, 16, 26]this means, at lower temperatures, the inhe€s8ax

will stay stableand the transition of K to &0, is more likely to occur during the
combustion process, which will stay stable tingtitemperature is high enough to
evaporate. Nevertheless, since more K is released in the form of KCl anth@eCl)

the scenario of high initial i@put, there is less K left to transfer ts5K.

The release profile of HCI is indicated in Figure 7.1 (b). It starts to be released in a
significantfraction at 427 and reaches its peak before 72Within the exained
temperature range (3271127 ), the higher the initial Cl content, the more release
fraction of HCI, and the difference between the different scenpeoseistibleln case

1, the fraction of released HCI reaches its peak at 6&h 3.410*%, while it is 677

for the condition of case 2 and 72%or case 3, with the highest fraction okB)8 %

and 2.%10°%, respectively. Then the release of HCI starts to gaolmever, the

higher the initial input of Cl content, the higher the fingbdeature that needed to
completelyrelease the HCI content. When the final temperature exceedstid27

released HCI is negligible in case 1, while this temperature point 8827127 in

133



2

Universtyof L&
Strathclyde
Glasgow

case 2 and case 3, respectively. During the combustion, @bstss to release from
biomass at low temperature (42327 ) [17] mainly in the form of HGIL5] while

the other dominant Cl species in the biomass is KCI, which remains stable in the solid
phase until the final temperature passes T2¥, 27] This indicates that, when the final
temperature is el 727 , the more the initial input of Cl content, the more the ClI
content will be released in the form of HCI. The results in Figure 7.1 (b) and (c) show that
the initial input of Cl hasmaore significarihfluence on the release of HCI than KCI, the

pe& of release fraction of HCI is more than doubled when double the initial input of ClI
content. This reveals that, at the early stage of combustion, the release of Cl is not only
via the directly evaporation of HCI, but also through othela@®d internthbate
reactions like: R¥ and R+ [28] which would be facilitated by the increasing of initial
input of Cl content. When the final temgiare exceeds 727 the release fraction of

HCI starts to decline and the higher the initial input of Cl, thegiiekdecrease of
release fraction of HCI. This again proves thegl&iéd intermediate reactions play a
crucial role in the release mssof HCI, abhetemperature increasadth the depletion

of moisture contenthe decline oDH, species could inhibit the further formation of

HCI, and with the depletion of HCI itself, the rapid decrease of the release of HCI is

anticipated.

Thechange of release fraction of KCl is summarised in Figure 7.1 (c). As we can see, the
initial CI content has little influence on the release profile of KCI when the final
temperature is lower than 727However, when final temperature surpasses, T18&

influence of initial Cl content becomes great, and the fraction of release of KCI content
raises as the increase of initial Cl content. The release profilearefdf@ilar icase 1

and case 2 before they diverge at 82&fter this temperature, theea$e profiles

become distinguishable, they all finish the sharp increase of the release of KCl at 927
with the fraction of 4X0* % and 1.410° %, respectively. Then the increasing
slowdown and reaches ftfieal fraction of 6.¥10* % and 1.810° % & 1127

respectively.

Meanwhile, in case 3, the release of KCI| appears a continuing increase when the final
temperature exceeds 7271t has a similar resalsthat of case 2 before 927 Then
the release of KCI becomes flat in case 2, while the cele@sees to rise sharply in

case 3 and finally, the release of KCl reaches its highest fractiordit92d 1127 .
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Also, as we can see from the above results, at 1¥@¥en the release of KCl becomes

flat, the final fraction of KCI reflects tmtial input of Cl content. When double the

initial Cl input (as case 3), it has nearly double the release fraction of KCl compared to
the results in the condition of initial inputedularCl content (as case 2), and it is the

same when comparing theuks ofthe release of KCI under the circumstancekeof

case 2 and case 1. Alongside the decline of HCI, KClI starts to release in large fraction due
to its sublimation when the temperature exceeds [Band becomes the major route

to release Cl and K contents at the later stage of combustion. As a result, the influence of
initial input of CI becomes more distinguishable; however, the effect sgmfiesh

as that of HCI. According to the studyis@hore likely to initially present as KOlin

the biomass, and its release behaviour and mechanisms are highly dependent on the initial
amount of these two componefit§] This means, even increase the initial input of ClI
content, as long as the initial input of K content remains the same, the release behaviour
of KCI stays the same during its early stage of sublinlaisoaxplains the almost
identical release profiles of KCI under the different conditions before i8@Wever,

the large amount of release of HCI at the early stage could react with KOH to generate
more KCI and stored as a solid product, atfiedimal temperature increased, it occurs

the rise of the release of KCI content. In addition, the more HCI that exists in the system,
the more completely the reaction with KOH, indicates the more KCI could be generated
and be releasddoreoverthe abundant dissiation of (KChat high temperature is also

one of the main reasons that boosts the release of KClI, as illustrated in Figure 7.1 (c) and
(d), the sharp increasdluérelease of KCl happens at the same time when the release of
(KCl), starts to decline.

The release profiles of (KQinder the different conditions are illustrated in Figure 7.1
(d), as we can see, different from the release of KClI, the release stat<t the

early stage of combustion. Nevertheless, the results show a sichitarthrat of KCI:

(i) the higher the initial Cl content, there significarthe release fraction of (KE i)

there is n@ppareneffect of initial Cl content on the release of @fpre 727 ; (iii)

there are two diverge temperatures cabderved: 727 between the results of case 1

and case 2, and 82between the results of case 2 and case 3. In these three conditions,
the fraction of released (KQBaches its peak at the diverge temperatures, witr 1.1

‘00, 1.X10* % and 1.210“ % in case 1, case 2 and case 3, respectively. Then after the
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diverge temperatures, the release of {&@ent starts to declioreoverat 1127 ,

the fraction of the releas@Cl)s is negligible in the condition of case 1 and case 2, while

the fraction decrease t0>8.0°%in case 3. At the early stage of combustion, KClI is
stable and stays in the solid phase, and according to the previ¢g86]situdylikely to
associates with each other to form (K& Ipw temperatures, and then the formed {KCI)

will be released. As aforementioned, the release of KCl is less dependent on the Cl content
at the bginning, indicates the release of (K€less affected by the initial input of CI
content as well. Thus, as illustrated in Figure 7.1 (d), the release profiles are(KCI)
identical to each other under the different conditions of the initial inBuicohtent

before 727 . As the final temperature exceeds 7,2Cl starts to sublimate, due to the
release rate of KCl is faster than the homogenous association rate between each other,
leading to the less formation and release of,(¢0GtentBesideghe generated thermal
unstable (KCJ)starts to dissociate to generate KCl. The more the initial input of ClI
content, the higher the final temperature it needednsurme the (KGl)content
completely since more KCl and (K&lould be formed during tHater stage of
combustion.

The release profiles of KOH and (KQldye demonstrated in Figure 7.1 (e) and (f).
Contrary to the results of KCI and (kClhe released fraction of KOH and (KQH)
decreased with the increase of initial input of Cl contenthemelease of KOH and
(KOH); are negligible before 727compared with that of KCI and (KCIyhe release

of KOH becomes noticeable at 82and 927 in case 1 and case 2, respectively. Then

the fraction of released KOH steeply increased and detscpeak at 1027, with

1.5x10° % and 8.810* % in case 1 and case 2, respectively. Subsequently, the release of
KOH starts to decline, and at 1127the final fraction of KOH is 2x@00° % in case 1,

while it is5.%10* % in case 2. As for the result of (K@HE) shows a similar tendency

to that of KOH, its fraction reaches the peak at 102t with only 1410° % and

3.4107 % in case 1 and case 2, respectively. However, in case 3, the release fraction of
KOH is umoticeable compared to KCI and (K@jthin the temperature range of

327 -1027 . There is only a minor fraction of release of KOH can be observed at
1127 , with 1.%¥10*%; while the release fraction of (KQ@Iid) negligible during the

whole temperaturenge compared to that of KOH.
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The results show that the release of KOH and (K@td)greatly affected by the initial

input of Cl content. When increasing theainiiput of Cl content, resulsin a high
concentration of HCI content in the system, which could consume a large amount of
KOH to form KCI via the reaction RbE Also, KOH more likely to be formed during

the combustion process other than inherent in the biomass, and as inde@2j¢dan
formation of KOH at the early stage of combustion relies on the K and moisture content.
However, the increased Cl content in the system might facilitate the reaction between C
and moisture to generate HCI and been released at low temperature range. This results in
the less left of moisture content for K to react with, leading to the less generation and
release of KOH. When decreasing the initial input of Cl content to halfegfular

content (as case 1), the release fraction of KOH is much more than that of the rest of the
scenarios. The release trend of (K@dHimilar to that of KOH, since (KOH3 formed

via the homogenous reaction of KOH. The higher the initialoh@licontent, the less

the KOH content, and the less the (KQ®)ll be formed and releasBesidesdue to

the low concentration of KOH under the circumstance of high Cl system, the association
rate between KOH might be much slower than the depletibreease rate of KOH

[30] Besides, the HCI could also directly react with the released #éd@Hg@crease its
fraction.

7.3.2 Changes of major transition cycles of K

The detailed reaeti path of K with the change of initial input of Cl are listed in Appendix

[l according to the final temperature. In this section, the influence of initial input of ClI

on the major transition cycle based on the results in Chapteressuithimarised and
discussed. The summary of the change of transition cycle at each temperature is according
to the change of the formation rate of each species. The summarised major transition
cycles are divided into three categories according to thenfipatature, which is: low,

medium and high temperature ranges. The value on the arrow presents the rate at which

species are formed frasther species, measured in kmmd§.

7.3.2.1Low temperature range (32527 )

Figure 7.2 presents the change of nigjasition cycle of K with the change of initial
input of Cl according to the change of reaction rate. As we can see, within the low
temperature range, the change of initial input of Cl has insignificant influence on the

change of major transition cycle327 , t he reaction pakK® amon
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¢ KOH increased with the increasing of i
KOH ¢ KCI decreased. When t heand52h,al t emp
the reaction rates are increased compar#uht of 327 , and the higher the final
temperature, thaigherthe reaction rates within the cycle. However, at these two
temperature points, the transition cycle is less affected by the change of initial Cl content.
As illustrated in Figure 7.2, the rate of each reaction raimasidentical to each other

when ncreasing the initial input of Cl content.
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Figure 7.2 Changesrofjor transition cycles of K with the change of initial input of Cl in
the low temperaturange(the value on the arrows in represents the rates at which species

are formed from other species, kmgign

At 327 , at the early stage of reaction, tk@ ebntent might still be sufficient to react

with both K and CI content. In this way, when initial input of Cl is in case 1 and case 2,
there is less Cl availablegaat with HO, leading to the more available reaction between

K and HO and to generate more KOH content. Afterwards, the formed KOH can react
with CI species to generate KCI, whi ch n
While as the initial input of €ontent increased, more Cl could react withtbl form

HCI and released directiyus, the left D might not enough for K to react and to
generate abundant KOH, |l eading to the de
Then as final temperatumereased to 427 and 527 , as discussed in the previous part,

at such low temperatures, only the release of HCI content hdsabeaticdy affected

by the change of initial input of Cl content. At these temperatures, the release of K
compounds like KOHKCI and kSQiis negligible since most of them are thermal stable

at these temperatures and remain in the solid phase. Thus, the release and transition of K

compounds can be insignificantly influenced by the initial input of CI content. In
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conclusion, t major transition cycle of K is less sensitive to the initial input of Cl during

the low temperature range.

7.3.2.2Medium temperature range (62827 )

As the final temperature increased, the influence of the initial input of Cl content on the
change of majordnsition cycle becomes more significant and distinguishable, the higher
the initial input of Cl content, the higher the reaction rate witmrajbgransition cycle.

As illustrated in Figure 7.3,at627 t he reaction rate of KCI
incase 1to 0.118case 3. Whi l e t he;increaged framd10129 at e
to 0.144 as the initial input of Cl content changed ¢es®m 1 to case 3. As the final
temperature raised, the ragésearly all the reactions increased with the increasing of

initial input of Cl content. At 727, as initial input of Cl content changed from case 1 to

case 3, the reaction rate of each reagtibn KO ¢ KOH ¢ KGéae ¢ K ¢
increased from 0.0012 tal®7, 0.0014 to 0.15, 0.001 to 0.5 and 0.0006 to 0.15,
respectively. While at 827the reaction ratef each reaction f KO ¢ KOH ¢ K
¢ HKsincreased from 0.01 to 0.31, 0.13 to 0.57 and 0.025 to 0.44, respectively.

As discussed in 7.3.1, during thsperature range, the initial input of Cl content has an
insignificant influence on the release profiles of major K compounds like KEar(#&Cl)

KOH. However, the significant change of the major transition cycle reveals that the
change of the initial inpof CI content wikignificatly affect the transition among major

and intermediate K compounds. At 627the main change occurs to the transition of

KCI ¢ Ky and thRerigher the initial input of Cl content, the higher the reaction
rates. This indicates that during the combustion process, the reachiansl R% [24]

might be favoured by the high initial inpu€btontent in the system, and thus, results

in the high reaction rates among these species. As the final temperature reaches 727
and 827 t he major change occurs to the rea
the high CI content might accelerate the rea®i66sand R77 [28, 31]which increase

the rates of the reactions-&&nd R®[24] whi ch t hen dominate t
KOH. Besides, with the increasinghainitial input of Cl conteanmore HCI has been

released during this temperature range, as illustrated in Figure 7.1 (b), the generated HCI

content would consume more KOH content, leading to the high reaction rate of KOH
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¢ KQadadditon t he high r eact i oowestha thereaotibns K C
R75 and R& are favoured by the high CI content during the combustion process.

[ Cllin = 3.86-05 (Case 1) | [ Clluows = 7.6E-05 (Case 2) | [ Clins = 1.5E-04 (Case 3) |

— -
0.0336 KOH
0045 000048 0.0014 oot
K T ) |
. - 0.001 013
e 0,055 '
ko2 W
.UUZ‘S
627 727 827

Figure 7.3 Changes of major transition cycles of K with the change of initial input of Cl in the
medium temperature rangfee value on the arrows in represents the rates at which species are
formed from other species, kmo#g)

7.3.2.3High temperature range (9271127 )

As presented in Figure 7.4, the change of transition cycle with the change of initial input
of Cl is significant within the high temperature range, however sigptifasah as that

during the medium temperature range. The influence of increasingklirgoit of Cl
content on the transition cycl eszd sKk,mai nl
which increased at first and then decreased. At,927t he r eacti on r ates
andKSQ¢ K are both increased f 2amthénake04 i n
both decreased to 0.209 in case 3. While at 1823 1127 , as the initial input of Cl

content increasing, the reaction rates are both increased from 0.066 to 0.86, then
decreased to 0.57 and increased from 0.0013 to 0.0059, then deci@ased,
respectively.

As shown in Figure 7.1 (In),case 1 and case 2, the release of HCI content becomes
negligible at high temperatures, indicates the possible re@ctimul@ consume less

KO content, which then could accelerate the reactienafRbR710. This explains the

increase of reactionratd KO ¢ankksQ¢ K at first. Howeve

input of Cl content continues to increase to the case 3, the release fraction of HCI
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becomes noticeable at these temperataseshown in Figure 7.1 (b). Under this
circumstance, the reaction®Reight be favoured, which leads to the less available KO
content that could be involved in the Réndthus, less KSCior the R710. Besides,
Figure 7.1 (a) shows that under the test condition of case 3, the release fraStian of K
is much less comeal to those of the other two cases. Due to the lack of KO angd KSO
contentsn the condition of high Cl content, the inhabitation of reactie® Right be

one of the reasons that reduce the releasgS@i.Krhis could draw the conclusion as
increasinghie initial Cl content could inhibit the release S0<mainly through the

control of the formation of KO and KSO

([ Clioms = 3.8E-05 (Case 1) | [ Clliwi = 7.6E-05 (Case 2) | [ Clins = 1.56-04 (Case 3) |

— S
0.0013_
0.00T5 %,
0.000056 y
- KOz Jes] -K
K,S_Sa ( 000037
P oots o %% I ooes
: 0.028
0504
927 1027 1127

Figure 7.4 Changes of major transition cycles of K with the change of initial input of Cl in the
hightemperature randthe value on the arrows in represents the rates at which species are

formed from other species, kmo¥#g)

7.4 Effect of S concentration on the release of K compounds

7.4.1 Release profiles of major species

This part summarist release profiles of different K compounds under the conditions

of different initial input of S content. The results illustrated in Figure 7.5 and 7.6 are the

change of release profiles of K compounds with the change of initial input of S according

to the final temperature. As presented in the figures, the initial S content has insignificant
influence on the release of Cl related species, but significantly affect the release of KOH

and KSQ, especially at high temperasur
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Figure 7.5 The changes of release profiles of major species with thef ahitiabmput of S

As illustrated in Figure 7.5 (a), the change of initial input of S content has an insignificant
influence on the release behaviour of HCI. The results of the three cases are all overlapped

when the final temperature below 1027 herelease of HCI in large fraction starts at
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427 and reaches its peak at 72%ith 8.%10* %. Then the release of HCI starts to
decline steeply until 927 the release fraction of HCl becomes negligible afterwards.
However, as the final temperatusesto 1127 , the release fraction of HCI has
noticeably increased from>a.8° % in case 4 to 3%10®° % in case 6. Same conclusions
could be drawn from the results in Figure 7.5 (b) for the release behaviour of KCI: there
is nonoticeabl@ifference amone release curves of KCl under the different conditions

of initial input of S content before 1027The release of KCl in large fraction starts at
527 and then sharply increase to<10f % at 927 ; after that, the release becomes

flat. Nevertheless, #se final temperature increased to 112the release fraction of

KCI decreased from ¥1° % in case 4 to x40° % in case 6. Meanwhile, as indicated

in Figure 7.5 (c), the change of the release profile ofiKIE$s sensitive to the change

of initial input of S content. The release profiles are almost the same under the three tested
conditions. The release of (k@)large fraction starts at 427and increased to its peak

amount at 827 , with 1.X10%%, and then the release fraction starts to decline.

According to Johansen et[él, a twestep release mechanism of S can bédudeuic

from the combustion of biomass: the release of organically tedsé&ciat low
temperatures; anithe release of inorganically associated S happens when the final
temperature exceeds approximately 92However,the current model excludes the
reactios of the organically associated K, Cl and S species, due to the lack of related
mechanisms. The majority part of the S will be released through the inorganic way, which
is favoured by high temperatyigsl6, 25]During which, however, the Cl content has
already been released abundantly in the form of(iKiCl). and KCI, because of the
release of Cl content is favoured by low temperatures according to the previous discussion.
This reveals, when the release of HCI and KCI species started, the Sorglatedl in
species remain stableskBles, the maineaked S product at low temperatures 4s SO
which is the most stable form of S during the combustion pf82gs#isus unlikely to

react with the released Cl species.

Increasing the initial input oE@tent can raise the total amount of inorganic S content,
whose sublimation and evaporationfareured by high temperaturestHis way, the
change of initial S content laEnsignificant influence on the transition and release of
Cl species at lemedium temperatures. As final temperasurpasse827 , the

possible explanation for the change of release of HCI and KCI at high temperatures is
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increasing the S contenightfacilitate the reaction R at high temperaturesd the

KSO:CI couldfurther react with KOH via R¥2. This implies that the higher the S
content in the system, the more generated®0ntent, which could theausehe

release of more HCI content. In addition, as shown in Figure 7.5 (b) and 7.5 (d), as the
initial inputof S content increased, the decline of release fraction of KCl and KOH at
high temperatures also evidence the existence and prefererte afidRR-12 at high
temperaturedMoreovey since the release of (k@)dominated by the release of KCI
conten, the less sensitivity of KCI to the initial input of S cowrtait result in the
insensitivity of (KCito the initial S content.

Figure 7.5 (d) presents the release profile of KOH with the change of initial input of S
content according to the fitamperature. The release of KOH is negligible before 927
compared to the other released major species. Then sharply incréases’ |,

during which, there is no significant influence of initial S content on the release of KOH
can be observed. At 102, the release fraction of KOH reaches its peak in case 6 and
case 5, with %80 % and 8.810“ %, respectively. After that, the released fraction of
KOH start to decrease under these two conditions, and finally, the release fraction of
KOH is 2.x10* % and 5.910“ %, respectively. However, in case 4, after sharply
increased to 8x10*% at 1027 , the release fraction of KOH continues to increase
mildly, and finally reaches310°% at 1127 . Meanwhile, the release of (K@shows

the same trends ¢hat of KOH before 1027, as there is no significant influence of the
initial input of S content on its release behaviour. The release fraction eb@tOmES
noticeable when the final temperature exceeds, 28Yd quickly reaches its peak at
1027 , with 3.%107 %, 3.410" % and 3.810" % in case 6, case 5 and case 4,
respectively. While as the final temperature exceeds 02 Telease of (KOK)nder

the three tested conditions are all suffering a steep decline, but still, the higher the initial

input of S content, th@nallethe release fraction of (KOf€ventually.

At the early stage of reaction, the moisture and the available K content dominate the
formation of KOH[33] Since the reaction between & ranisture can only take place
under high pressure and the water is in the form of v@p4uhus, under the
circumstance of this study, the initial input of S content has less influence on the
formation of KOH at the early stage of combustion. While atrtipetature below

927 , the release of KOH is restricted by the release of Cl species like HCI. As

144



ity

clyde

Strath
Glasgow

aforementioned and discussed, the release of HCl is less affected by the change of initial
input of S content. In this way, the release of KOH content-atddwm temperatures

IS insensitivity to the change of initial input of S content. While as the final temperature
continues to rise to 1027 as the depletion of HCI, more KOH content could be
rekeased. In this way, the m&reontenin the system, the mozcensumption of KOH

via the R&1, R71 and R712, which also has been proved by the change of release profile
of HCl in the previous discussion. Meanwhile, the release of,(&dDtént during the
combustion process is directly related to the releas@belb&KOH. This results in

the similar release profile of (KQKY that of KOH before 1027, the more the
available KOH content in the system, the more chance of KOH homogenously combined
to form (KOH),. However, when the final temperature exceeds 10&7e to the
relatively low concentration of KOH in the system, its association rate might be much
slower than that of the consumptjBf] which leads to the decrease of (K{dhter

under all the tested conditions at 1127
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6.0E-04 S input =5.3E-05 (Case 5)
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Figure 7.6. The changes of release profilesetdt&d species with the change of initial input of
S
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The release profile ok8Q: with the change of initial input of S content is summarised

in Figure 7.6 (a). As illustrated in the figure, the infiidlohS content hakamaticdy

affected the release of3Q, at high temperature. As we can see, the release fraction of
K,SQ, is negligible before 1027 but steeply increased tox1®*%, 5.%10* % and
3.6<10%% at 1127 in case 6, case 5 and case 4, respectively. The higher the initial input
of S content, the larger the release fraction@at high temperature. Similar release
profiles of KSQand KSQcan be observed from Figure 7.6 (b) a®¢cy as well. Their
releases aregligible before 927, then sharply increased when temperature surpasses
927 , and the higher the initial input of S content, the larger the release fraction of KSO
and KSQat 1127 .

During the combustion processSKyis the most stablerfos of K and S conte{2]

which remains stable up to 92716] then start to evaporate as gesduct. As
discussed in the previous part, the releasgs@h Is negligible at low temperature and
less sensifity to the change of initial input of S content, indicating the initial amount of
K>SOy is not varying with the change of initial S content, but might be restricted by the
available K content. Nevertheless, the sharply incre&@déntent in the systeat

high temperature indicates that the initial input of S affects the releaS&.diyK
influencing the formation and release of intermedi§tepécies during the combustion
process, such as K&&hd KSQ. Then those intermediate species would fughet to
generate ¥SQ, via the possible reactions R7and R-43. Investigation in the Knudsen

et al[5] study also proves that the inorganic sulphate can be transformed into other forms
of solid sulphur during the thermal conversion process. Moreover, as indicated in Figure
7.6 (b) and 7.6 (c), the higher the initial input of S, the more the availalaledk30;

content, which could theceleratihe formation and release oK.

7.4.2 Changes of major transition cycle of K
The influence of initial input of S on the summarised major transition cycle will be
investigated in this pafthe results are presented in three parts according to the different

temperature rangddie detailed reaction paths are listed in AppBhdix

7.4.2.1Low temperature range (32527 )
Figure 7.7 indicates similar results to that of the study of initial input of Cl. The change

of initial input of S has insignificantly affected the reaction rates within the taition
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At 327 , the change of the transition cycle is mainly causedley t r ansi t i on
KCI, andthe reaction rate increased from 0.22 to 0.56 as the test condition changed from
case 4 to case 6. The reaction rates of the rest reactions are almost the same under the
three tested conditions. Nevertheless, as the finadregarp increase to 427and

527 , the transition cycle remains almost the same as increasing the initial input of S
content. As we can see, the higher the final temperature, the higher the reaction rate of
each reaction. However, there are no signifiteamges in the reaction rates can be
observed as raising the initial input of S content.

(S imw=2.7E-05 (Case 4) ][ S iwu=53E-05 (Case 5) |[ S imw=1.1E-04 (Casc 6)
— >

%_, - 24— o987 KOH

0. 987

H—~ 0.086 -
[_Tlo_] 4 KOH 0871

0.096 0.22 \ 02 0.936 Q{v|_l_‘
ﬁt Koz 0.811 KCI

KO2 }* 0.088 —&x—' KCl

327 427 527
Figure 7.7 Changes of major transition cycles of K with the change of initial input of S in the
low temperature ran@fbe value on tharrows in represents the rates at which species are

formed from other species, kmo#g)

At 327 , as illustrated before, at the early stage of combustion, the release of HCI is
insensitive to the change of initial S content. As aforementioned, th@l iodrakent

could affect the formation of KOH content by reducing the available moisture content
for K to form KOH. However, when raising the initial input of S content, the input of ClI
content is fixedthus, it will not increase the competition with Kepthe moisture
contentBesidesS is unlikely taeact with moisture directly [329 the possible S species

in the system could be SH at this temperature, which is formedlviaRY RZ5.

Then the formed unstable SH content could facilitatgeteration of KD and HO,

via R716 and R-A7[35] which could then react with K viaeB¥and R-49 to generate

more KOH content. The more the initial input of S content, thethmgenerated D

and HO, content, leading to the more KOH to react with HCI. In this way, the higher
the i nitial i nput of S, the higher the r
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As the final temperature increased, more S content couldibedoxidl released as SO

and SQ while the remaining SH content might be insufficient and unstable, so the
formation of KOH is thus unaffected, so does the reactions that related to KOH.
Moreover as we can see in Figure 7.7, at 4&7d 527 , the majorransition species

are allnonS relatedAs discussed before, the change of initial input of Srhas
insignificant influence on the release of KOH, KCI at such temperatures. Thus, the
reaction rates within the transition cycle remain the same as gntireasitial input of

S content.

7.4.2.2Medium temperature range (62827 )

The changes of major transition cycle with the change of initial input of S in the medium
temperature range are illustrated in Figure 7.8. As presented, the influence of different
initial input of S content is lesgnificabhcompared to that of differemmitial input of ClI

content withithe saméemperature range. The reaction rates increased gradually with
the increasingf initial input of S content.

(S iwu=2.7E-03 (Case 4) ][ S i = 5.35-05 (Case 5) | [ S i = 1.1E-04 (Case 6)
— >

oms‘ 44— 000324 KOH

0.024 0.00013

N
(o) !
3 0.0098

| X
\ ' ¥
627 727 827

Figure 7.8 Changesmfmarytransition cycles of K with the change of initial input of S in the
medium temperature rangfee value on the arrows in represents the rates at which species are
formed from other species, kmo#'g)

At627 , t he reaction rat e odfama#ficdyingreakedi¢ ¢ KCI
rate valuesoK O ¢ KOH and KOH flomR.Clb and0.024casa4 s e d

to 0.053 and 0.0@2case 6, respectively. While at 72hese values are increased from
0.00324 and 0.0088case 40 0.0063 and 0.0d cases, and at 827, the valueare

increased from 0.30 and Ord@ase 40 0.34 and 0.48 case 6As we can see, within

the medium temperature range, the reacti
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