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Abstract

Renewable energy sources are indispensable to meet the rising demand of energy
usage while reducing the negative environmental impact of utilising fossil fuels.
Gasification is an efficient technology to convert biogenic waste into valuable
gaseous products. The rate of conversion of char, produced in an intermediate step
in the conversion, plays an essential role in the conversion of biogenic materials.
The conversion of char is significantly affected by properties such as the structure
of the char and its alkali content. This thesis presents findings related to the
influence of char pore structure development and alkalis content on char
gasification, as well as the alkali release during gasification and co-gasification.

Experimental results show that the generation of micropores are directly
proportional to the observed reactivity up to 70% of char conversion, after which the
catalytic effects of potassium become the dominating factor. Furthermore,
investigations of the effect of different intrinsic potassium contents on woody char
reactivity demonstrate that no alkali surface saturation point is reached, as is the
case for high-ash chars. Application of a modified random pore model enabled a
successful capture of the later stages of char conversion in comparison to other
kinetic models applied.

Alkali release and sample mass changes were monitored simultaneously, using a
thermogravimetric analyser together with a surface ionization detector (TGA-SID).
The studies revealed a significant release of alkali as woody char conversion
approaches completion during CO- gasification. For straw char the release of alkali
decreased continuously throughout the conversion process. Similar results were
obtained for biochar gasification under steam conditions in a fixed bed reactor.
However, in this case the process is more complex, including transfer of alkali
between particles inside the fixed bed, which influences char conversion.

Co-gasification of different types of biomass can substantially affect char conversion
efficiency. In comparison to pure wood, mixing wood and straw had positive effects
on the char conversion for rates below 90% of conversion, while exceeding this
degree of conversion resulted in negative effects. The most significant positive effect
was observed at a gasification temperature of 9oo °C, particularly when using a
wood-straw blend of 75 wt%:25 wt%.

The above findings are important for the understanding of the mechanisms of char
conversion and are valuable in the design of gasifiers. The research provides with a
deeper understanding of char structure development, alkali release, and migration
during gasification of biogenic materials.



Keywords: gasification, alkali release, kinetic modelling, char reactivity, pore
structure, alkalis effects
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Sammanfattning

Fornybara energikillor behovs for att mota den oOkande efterfrigan pa
energianvandning, samtidigt med behoven av att minska den negativa
miljopaverkan som anvindningen av fossila brianslen medfér. Forgasning ar en
effektiv teknologi for att omvandla biogent avfall till virdefulla gasformiga
produkter. T omvandlingsprocessen forkolas biomassan till biokol i ett intermediart
steg. Hastigheten for omvandlingen av biokolet spelar en avgorande roll vid
forgasningen av biogena material. Denna omvandling paverkas vasentligt av
biokolets egenskaper sdsom kolstruktur och dess alkaliinnehall. I denna avhandling
presenteras resultat som relaterar till inverkan av kolstrukturens utveckling och
innehall av alkalier vid forgasningen av biokol samt frigorandet av alkali under
forgasning och samforgasning.

Experimentella resultat visar pa att genereringen av mikroporer ar direkt
proportionellt mot observerad reaktivitet upp till 70 procents kolomvandling.
Darefter ar de katalytiska effekterna huvudsakligen relaterade till kaliumhalten.
Vidare sa observerades ingen effekt av alkalimittnad av kolytan pa biokolets
reaktivitet vid studier med biokol frin tramaterial med olika halter av kalium, nagot
som observerats tidigare for biokol med hogre innehéll av aska. Tillimpning av en
modifierad randomiserad modell for utvecklingen av porer resulterade i en lamplig
beskrivning av de slutliga stadierna i omvandlingen av biokol jamfort med andra
kinetiska modeller.

Frigorandet av alkalier och férdandringar i provernas massa undersoktes med hjalp
av termogravimetrisk analys tillsammans med en ytjonisationsdetektor (TGA-SID).
Studierna visar att en betydande méngd alkalier frigors mot slutet av biokolets
omvandling under koldioxidforgasning. For biokol fran halm observerades daremot
ett fortsatt minskat frigorande av alkalier under hela omvandlingsprocessen.
Liknande resultat erholls for biokolférgasning under angforhéllanden i en reaktor
med en fast badd. I detta fall 4r dock processen mer komplex och omfattar dven
overforing av alkalier mellan partiklar inne i den fasta badden, vilket paverkar
kolomvandlingen.

Samforgasning av olika typer av biomassa kan avsevart paverka kolomvandlingens
verkningsgrad. I jamforelse med rent tra sé resulterade en blandning av trd och
halm i positiva effekter pd kolomvandlingen fér omvandlingsgrader under 9o %,
medan hogre omvandlingsgrader resulterade i negativa effekter. Den mest
betydelsefulla positiva effekten observerades vid en forgasningstemperatur pa
900°C, sirskilt vid en tra-halm-blandning med viktprocentforhéllandet 75:25

Resultaten ar viktiga for forstdelsen av mekanismerna fé6r omvandlingen av kol och
ar vardefull vid konstruktion av forgasare. Forskningen har gett en djupare

iii



forstaelse for utvecklingen av kolstrukturen, frigérande av alkalier och migration
under forgasning av biogent material.

Nyckelord: forgasning, frigorande av alkalier, kinetisk modellering, kolreaktivitet,
porstruktur, alkalieffekter
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Chapter 1

Introduction

Sweden and countries within the European Union have committed to achieving a
fossil-free and pollution-free future. Sweden’s goal is to have zero net emissions of
greenhouse gases into the environment by 2045 [1]. With rising energy demand and
concerns about the environmental impact of fossil fuel consumption, biogenic waste
feedstocks such as forestry residue and agricultural waste are becoming an
attractive resource for renewable energy [2].

Gasification is a feasible technique that can help to facilitate the transition towards
a more sustainable and low-carbon energy system by converting biogenic waste
materials. This process can be integrated into various industrial processes such as
in power generation, chemical manufacturing, steel production, and waste
management [3]. It can thus reduce the reliance on fossil fuels and promote the use
of renewable energy sources.

Char conversion is an important step in any thermochemical conversion using solid
fuel. This step is considered as the rate determining step in an efficient conversion
of biogenic solid fuels into a producer gas [4]. An understanding of the mechanisms
and kinetics of char gasification is therefore important for gasification reactor
design [5] and an overall optimization of gasification based processes.

During gasification, char undergoes structural changes by pore generation,
expansion and particle fragmentation [6-8] influencing parameters such as,
specific surface area, porosity, and pore size distribution [9—11]. These parameters
control active site accessibility for oxidizing agents during char conversion [11,12].
Another important factor influencing the reactivity is the mineral content and
composition of the char. Alkali and alkaline earth metals (AAEMs) such as
potassium, sodium, calcium, and magnesium act as catalysts and accelerate the char
gasification process [13—22]. Due to the complex nature of the overlapping
phenomena, it is often difficult to distinguish between different factors affecting
biochar reactivity, such as the effects of mineral presence or char structure and
temperature history. Consequently, developing well-defined systems that minimize
the number of parameters required to analyse biochar gasification remains a
challenging task.



Alkali release and migration take place during both char conversion and co-
conversion of biomass and are critical phenomena for the interactions between bed
materials and char. A surface ionization detector (SID) is an online method for
measuring alkali content. The technique is based on selective surface ionization of
alkali-containing species and has been developed as an efficient way to characterize
dynamic processes involving alkalis. Despite several studies of alkali release during
biomass gasification and combustion, there is still much to be learned due to the
limited application of analytical tools to monitor alkali metals with sufficient time
resolution, as well as the lack of systematic comparisons of different thermal
conversion processes. Only a few studies, all focusing on agricultural biochar, have
resolved alkali release as a function of char conversion during steam [23,24] and
CO- [18] gasification. There remains a shortage of comprehensive reports on real-
time monitoring of alkali release during char gasification and biomass co-
gasification.

Co-gasification is a technology that enables efficient conversion of fuels into syngas
and chemicals. It has several advantages over thermal conversion of individual fuels
[25]. However, existing studies on fuel co-conversion concentrate mainly on coal-
biomass blends [26—28], biomass-only fuel blends receive much less attention.
Previous studies on co-gasification have suggested that gasification reactivity can be
enhanced by blending biomass with coal, owing to the catalytic influence of AAEM
species present in the biomass [29—32].

This dissertation summarizes my work on the combined effects of char structural
development and alkalis on char reactivity. Additionally, it provides an improved
understanding of alkali release and its relationship to fuel reactivity during char
gasification. Studies of co-gasification of different fuels were also conducted. These
topics are closely related to issues involving alkalis in various industrial processes,
such as catalytic functions, concentrations in syngas, and migration between
different materials.

In order to investigate the connection between char reactivity and alkali release
during gasification processes, an experimental setup was developed that connects a
SID for online alkali measurements to a thermogravimetric analyser (TGA). Using
the TGA-SID setup was used to study the release of alkali during the gasification of
different chars, as well as the co-gasification of wood and straw. Moreover, a fixed
bed reactor combined with SID, diluters, a CO/CO- analyser, a scan mobility particle
sizer and an optical particle sizer was successfully used to measure alkali. The layout
of the dissertation and the research focus at different stages are described below.



1.1 Scope of the thesis

There are three parts to this thesis, as outlined in Figure 1.1:

Stage 1: Understanding pore structure evolution and the effects of alkalis during
steam gasification.

In order to gain a comprehensive understanding of the steam gasification process
for industrial char, it is necessary to investigate the development of pore structure
and the impact of alkalis. Accordingly, Paper I focuses on the evolution of pore
structure development throughout the gasification process, and Paper II, examines
the effects of potassium-induced phenomena on intrinsic reactivity during steam
gasification.

Stage 2: Alkali release behaviour of different biochars during CO. and steam
gasification.

In Stage 2 of the research, the goal is to advance understanding of alkali mobility
and release in diverse biochar gasification processes and to establish the
relationship between this behaviour and the char conversion rate under both CO-
(Paper IIT) and steam atmosphere (Paper IV).

Stage 3: Alkali migration during co-gasification of wood and straw mixtures.

The goal of Stage 3 is to gain further insight into alkali migration/release and char
reactivity during the co-gasification of wood and straw mixtures, as presented in
Paper V.
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1.2 Structure of the dissertation

The thesis is divided into seven chapters, each of which focuses on specific aspects
of the research conducted during this doctoral study. Chapter 2 presents a general
introduction to gasification basics, alkali catalytic behaviour, and various
gasification technologies. Chapter 3 presents the experimental setup, materials
used, and material characterization. The results of the work reported in Papers I and
I1, including the pore structure development and the effect of ash on the industrial
char during steam gasification, are presented in chapter 4. Research results in
papers III and IV are presented in chapter 5, including the alkali release behaviour
of different biochars under CO. and steam gasification processes. Chapter 6
describes a continuation of the research presented in Paper III and focuses on alkali
release and migration during co-gasification of wood and straw in a CO:
atmosphere. Chapter 7 provides an overview of the general conclusions and
recommendations drawn from the thesis.



1.3 Sustainability aspects of the dissertation

All work involved in this dissertation is believed to be beneficial for the
development of a sustainable society, where all people can live productive,
vibrant and peaceful lives on a healthy planet [33]. The goal of this
dissertation is improved understanding of the conversion of biochar such as
furniture waste and agricultural biomass in the form of straw. The topic is
important for thermochemical conversion processes for added-value products.
The work thus falls into the category of sustainable energy production,
which is part of the UN Sustainable Development Goal (SDG) 7, which is to seek
to ensure access to affordable, reliable, sustainable, and modern energy for all.
The use of biogenic waste feedstock also falls into the category of waste
management, which is addressed in SDG 11 in regard to sustainable cities
and communities [34].

Research to enhance understanding of the conversion of biogenic agricultural
waste is an important part of developing processes with higher efficiency and
improved fuel flexibility. It can contribute to reducing reliance on non-
renewable energy sources and promote a more sustainable future. It is also in line
with SDG 13, which aims to take urgent action to combat climate change and its
impacts, and with SDG 7 as regards providing affordable and clean energy.



Chapter 2
Background

This chapter provides general information on gasification basics, alkali catalytic
behaviour and gasification technologies.

2.1 Gasification

The negative environmental impact of fossil fuels and the growing demand for
energy have contributed to increasing recognition that biogenic waste feedstocks are
an attractive resource for producing chemicals and fuels from non-fossil sources [2].
Gasification is a feasible technique for primary conversion of these feedstocks into
an intermediate gaseous feedstock that can be further upgraded into useful end user
products such as chemicals, heat, and power [3]. The biomass conversion process
includes drying, pyrolysis, gasification, and partial combustion of the residual char,
as well as homogeneous gas phase reactions. The gasification of char involves a set
of heterogeneous reactions with different gasifying agents, such as CO:, H20, O,
and mixtures thereof, and is generally the rate-determining step [4]. Designing
efficient gasification reactors thus requires a clear understanding of the char
gasification mechanism and kinetics.

Two important factors that can influence the char gasification process are the char
pore structure and the presence of alkali and alkaline earth metals (AAEM) [35].
AAEMs such as potassium, sodium, calcium, and magnesium act as catalysts,
speeding up the char gasification process and promoting heterogeneous reactions
between the char and gasifying agents [13—22]. The primary focus of this work is
thus the experimental investigation of char gasification and the effect of alkalis.

The following review of phenomena related to biomass gasification is intended to
facilitate discussion of the results.

2.1.1 Gasification fundamentals

The biomass gasification process uses high temperatures and various gasifying
agents to efficiently convert a solid organic compound into gas vapour and a solid
phase [36]. The resultant gas is known as ‘producer gas’ and can be further upgraded
into ‘syngas’ for use in power generation or biofuels production. The solid phase
consists mainly of unconverted carbon and a small fraction of ash present in the
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treated biomass [37]. The biomass conversion process involves the partial oxidation
of the carbon in raw materials in the presence of various gasifying agents. Figure 2.1
shows a simplified general reaction path of different gasification steps.

H2O Charcoal and tar| COp2 and HoO Hs and CO2

gy |y |7
2 ¢ O W

biomass biomass tarry gas or hot charcoal
{CHO) ({CHO) charcoal (C)
heat heat no air Ogz/air CO» and Hs0
Q Drying © Pyrolysis | @ Combustion Q@ Reduction

Figure 2.1 A simplified schematic representation of the gasification.
The main steps of the gasification process are:

Drying (endothermic stage)

The moisture content in biomass varies [38] and is removed during the drying stage.
The heat required in this stage is proportional to the moisture content of the
feedstock. A high moisture content causes energy loss and adversely affects the
quality of the gas product [39].

Biomass(wet) — Biomass(dry) + H,O(steam) 0.1

Pyrolysis (endothermic stage)

During pyrolysis, rapid heating converts biomass into gases (e.g., H2, CO, CO-, CHy,
and other small hydrocarbons), liquids (tar and water), and solids (char).

The pyrolysis reactions occur in a temperature range between 150 and 700 °C,
forming different products depending on the temperature [38]. Hemicellulose starts
decomposing within 150 °C to 350 °C, while the cellulose present in biomass
decomposes at 275 °C to 350 °C. The lignin part gets is converted into aromatics
with a temperature range of 250 °C to 500 °C. At this stage, the reactions are
endothermic and the heat needed is provided by the combustion stage of the
process. The pyrolysis process can be schematized with the following overall
reaction [40]:

Biomass - H, + CO + CO, + CH, + H,0(g) + Tar + Char 2-2



The term ‘tar’ typically refers to the condensable fraction of organic compounds
produced during gasification. These condensable hydrocarbons can range in
molecular weight from 78 (benzene) to 300 or more [41,42]. They are usually
divided into two categories: water-soluble (phenolic) compounds and non-water-
soluble (aromatic) compounds [41,42]. Tar maturation depends on temperature
[41,43]. Primary tars (mixed oxygenates) are formed at lower temperatures (400
°C). As the temperature increases from 500 °C to 700 °C, tar is transformed into
secondary tars, including phenolic ethers, alkyl phenolics, and heterocyclic ethers.
When the temperature exceeds 800 °C, tertiary tars (PAH) are formed. Excessive
tar content in the fuel gas reduces the overall efficiency of biomass and increases the
overall separating cost of the plant [44,45] as it can clog filters and even polymerize
into complex molecules [46].

Combustion (exothermic stage)

Combustion of the biomass is necessary to obtain the thermal energy needed for the
endothermic processes and to maintain the operating temperature at its required
value. The amount of gasifying agent is usually controlled to avoid reaching the ash
slagging temperature [47]. The main reactions taking place during the oxidation
phase are char combustion (2-3), partial oxidation (2-4),and hydrogen combustion
(2-5).

C + 02 d COZ 2_3

C+0,-2C0 2-4
1

H2+502 _)H20 2—5

Reduction (endothermic stage)

The reduction stage contains reactions between gases and a solid-gas reaction. In
this stage, tar, carbon, carbon dioxide, hydrogen, and water vapour are reduced,
resulting in the formation of combustible gases. The main reactions (2-6 to 2-9) that
occur during the reduction step include tar reforming, Boudouard reaction, char
reforming, water-gas reaction and methanation. Reactions 2-7 and 2-8 are
commonly referred to as the gasification reactions:

CeHy + Hy0 = xCO + (x + y/2)H, 2-6
C+C0, & 2C0 2-7
€+ H,0 & CO + H, 2-8
CO + H, & CH, + H,0 2-9

2.1.2 Gasification parameters

Char reactivity depends primarily on the properties of the biomass feedstocks and
the operating conditions, which further determine the subsequent gasification rate
of the char [35]. In the gasifier, the temperature will influence the yield of char and
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its properties and further char gasification. The heating rate normally has a greater
effect on the char reactivity in the early pyrolysis stage, a negligible effect when
reaching the final temperature in the later gasification stage. This section
summarizes the effect of different gasification parameters on biomass gasification
from the point of char generation and gasification under various operating
conditions [48].

Biomass type

Biomass is a broad term that encompasses such things as agricultural, forestry and
municipal waste, energy crops, and woody biomass [49,50]. Biomass is mostly
composed of cellulose, hemicellulose, and lignin. Di Blasi et al. [51] analysed the
chemical composition of wood chips and some agricultural residues. They found
that the hemicellulose and cellulose together make up about 35-60%, while the
lignin is 15—30%. The remainder is ash and extractives. Lv et al. [52] compared the
effect of cellulose and lignin on biomass gasification with six types of biomasses
whose cellulose content varied from 55% to 85% and lignin content from 10% to
35%. The tar and gas yields depended on the cellulose content and increased with
increasing cellulose in the biomass.

Moisture content also plays a significant role when dealing with biomass. Low
moisture content biomass (<15 wt%) is suitable for gasifiers. Energy requirements
increase as the moisture content increases [53]. Basu et al. [45] compared analysed
the moisture content of various biomass feedstocks and concluded that wheat straw,
rice husk are considered the better feedstocks due to their low moisture content.

The presence of inorganic materials such as alkali and alkaline earth metals (AAEM)
can also affect the composition and reactivity of the biomass. While these inorganic
materials may constitute only a small percentage of the biomass, they play a critical
role in homogeneous and heterogeneous reactions during pyrolysis and gasification,
which in turn affect the properties of the final products, including chars [36]. The
role of AAEM is further discussed in section 2.2.

Temperature and heating rate

Temperature is the most critical operating parameter throughout the entire biomass
gasification process, surpassing all other factors (heating rate, pressure, and
residence time). The temperature has a significant effect not only on the char
production via drying and pyrolysis, but also on the performance of the char
gasification. Increased process temperature results in a drop in the H/C and O/C
ratios, which leads to an increase in the carbonization degree of biochar. Meanwhile,
due to its low polarity and strong hydrophobicity, biochar with an exceptionally low
O/C ratio may boost its potential to collect CO- in the presence of water [54,55].
While the heating rate in the gasifier is critical during the initial stage of biomass
pyrolysis, once the final gasification temperature is reached, the heating rate has
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only a minor effect on the char gasification. Biomass pyrolysis can be divided into
slow, fast, or rapid pyrolysis based on the heating rate, which generally affects the
char yield as well as its properties and reactivity [56,57]. Furthermore, the
temperature of char particle generation history influences its reactivity [58]. For
example, Septien et al. [59] concluded that increasing pyrolysis heating rates from
1°C/s to 1000°C/s results in a more reactive char with higher gasification rates. The
higher char reactivity at high heating rates may be attributed to a change in the
char’s morphology [6—8] or its textural properties due to the formation of a larger
pore volume. The pore volume comprises mainly mesopores and macropores, as
opposed to a lower pore volume of mainly micropores at low heating rates [7].
Textural properties of biomass char are also significantly changed during the
gasification process, expressed as an evident increase in porosity and surface area
[23,60-66].

Gasifying agents

The primary reagents for biomass gasification are steam, air, and oxygen, or
combinations of these. The composition of the resultant gas products is highly
dependent on the gasification agent used, which also has a substantial effect on the
gas—solid interaction behaviours during char gasification. While air and oxygen are
typically employed as oxidizing mediums that combine with carbon to generate
exothermic heat for the reaction, steam is frequently added to form hydrogen-rich
syngas products. Carbon dioxide produced during pyrolysis or gasification, as well
as steam generated during the drying of raw biomass, will also act as gasifying
reagents in a gasifier.

Char reaction with CO. can optimize the operating conditions inside the reactor,
minimize the residual char, and improve the quality of gas products. Steam char
gasification can produce hydrogen-rich gas products, or syngas, which is an
intermediate energy carrier for chemical industries. Compared to char—
O- reactions, carbon reaction with steam or CO: is slower. Char—steam generally
has a much higher reaction rate than char—CO- gasification [36].

2.2 The role of AAEM on biomass gasification

AAEMs are of particular importance in relation to the effects of inorganic content
on biomass gasification [35,64,67—71]. In case of biomass-based feedstocks,
potassium (K) is of greatest importance among the inherent AAEM species [64,67],
followed by calcium (Ca), which is abundant in woody chars, typically as carbonate
or oxide [72—76]. AAEMs can be divided into two categories: inherent and loaded.
Inherent AAEM are naturally present in biomass feedstock. They can have a
significant impact on the physical and chemical properties of the biomass, as well as
on its reactivity during the gasification process. By contrast, loaded AAEMs are
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deliberately added to the biomass feedstock as catalysts or other additives to
enhance the performance and efficiency of the gasification process. The effect of
AAEMs on gasification is discussed in terms of gas product distribution and
gasification reactivity.

2.2.1 Effect of inherent AAEMs

The inorganic species in biomass can be classified into four categories: water-
soluble, ion-exchangeable, acid-soluble, and residual [77,78]. Of the AAEMs,
potassium (K) is the most active element with catalytic properties [64,67]. Other
elements that affect catalytic gasification reactivity include Na and Mg [20,22],
which are generally less abundant in biomass than K. Several researchers report that
the presence of Ca can inhibit potassium deactivation [79—82], and possibly boost
catalytic impact by forming calcium and potassium bimetallic active compounds
[80,83]. The temperature of the ashing analysis is vital to measuring the content of
inherent AAEMs accurately. Currently, the temperature in the widely used high
temperature ashing treatment can be as high as 500—-815 °C. At those temperatures,
volatile minerals such as K and Na are partially volatilized and the form of minerals
in biomass is destroyed [84].

Guo et al. [85] have shown that inherent AAEMs have a significant effect on product
distribution in corn O- gasification, and that the effect is closely related to
gasification temperature. They showed that inherent AAEMs were favourable for
CH, and CxHy production at 600—800 °C. Above 750 °C, AAEMs promoted H- and
CO generation as well as tar reduction, indicating that the inherent AAEMs showed
higher catalytic activity at higher temperatures. When the temperature rose to
950 °C, the volatilization of alkalis had a negative effect on tar steam reforming
compared to 850 °C [86]. Heung-Min Yoo et al. [87] tested air gasification
characteristics of fruit bunches with raw, water leached and nitric acid leached
samples in bubbling fluidized bed reactor at 9oo °C. The yield of H. and CO in
leached fruit bunches both increased compared to the raw sample. This may be due
to the reduction of agglomeration with the removal of AAEM compounds caused by
the washing pre-treatment.

The different AAEM species in woody biomass and straw can lead to different
product distributions during the steam gasification process. For example, in straw
steam gasification, the presence of AAEMs enhanced the production of H- and COs-,
while inhibiting the production of CO, CH,4, C-H4 and C-Hs at 900 °C. However, in
woody biochar steam gasification, the inherent AAEMs have an insignificant
catalytic effect on the water—gas shift reaction, although AAEMs significantly
catalysed the biochar gasification [70].

Besides product distribution, AAEMs can affect the gasification reactivity of
biomass char which is another important factor in biomass gasification. Zhang et al.
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[88] found that inherent alkali metals were more effective than inherent calcium
during pressurized steam gasification. Potassium played the most important
catalytic role among the native AAEM species, and its overall activity reached a
maximum during gasification, indicating the presence of optimal clusters or particle
sizes of K catalyst [64]. A steam gasification experiment with biochar by Yip et al.
[70] indicated that Na, K, and Ca retained in the biochar were the key catalytic
species, with the catalytic effect appearing to be in the order K > Na > Ca. Coal
gasification by Du et al. [89] showed different results: Ca had more significant
effects on char structure and devolatilization behaviour than Na, probably because
coal gasification took place at higher temperatures. In addition to AAEMs, other
factors such as micropore structure and internal surface area, active sites and low
silicon content of the biomass have been found to play a major role in determining
the gasification reactivity of biomass char [90o]. When the char contains high levels
of silicon, alkali silicates are formed at low temperatures, which limits their catalytic
activity.

2.2.2 Effect of loaded AAEMs

The loaded AAEMs in char has different catalytic effects [17]. The catalytic effect of
Ca is slightly higher than that of the alkali metals (K, Na) during catalytic coal
gasification [91]. Along with the formation of activation centres on the char surface,
the CO- gasification reactivity of fir char increased in the order K > Na > Ca > Mg.
The crystal structure of the char was improved by Na and Ca, while the degree of
graphitization order of the carbon structure can be enhanced by Mg. However,
AAEM nitrates exhibited different catalytic properties: Na-char > Ca-char > K-
char >Mg-char > raw char [92]. The 5 wt% Na loaded char had the highest reactivity
among the selected catalysts and loadings. The AAEM catalyst effect was influenced
not only by the gasification temperature and agent but also by the composition of
the biomass. Eutectic mixtures of alkali metal halides, carbonates, and sulphates in
binary and ternary forms are more efficient for char gasification using CO-. and
steam than individual salts. This is due to the lower melting point of eutectics, which
facilitates greater contact between the catalyst and carbon matrix [93].

Research on the use of AAEM as a catalyst in biomass gasification has shown that
different additions have varying effects on the product gas distribution. For instance,
adding CaO can both speed up the gasification reaction and increase H- production,
as well as decrease the production of CO and CO2[94]. Similar results were observed
in coal gasification, where Ca additives were found to be effective in increasing H-
production [95]. An optimal loading was found to be less than 1 wt% [96]. Studies
on catalytic steam gasification [97] also highlighted the positive effects of CaO and
coal bottom ash, particularly Mg and Ca, on H. yield. However, increasing the
concentration of Na to 5 wt% led to a peak in CO release rate, which decreased as
the catalyst loading continued to increase [92].
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The presence of metal particles deposited on the char surface can block active sites
and decrease H. production during biochar gasification. Alkalis additives, such as
NaOH, KOH, and Ca(OH)-, can improve H- production by facilitating the water-gas
shift reaction, which forms formate salts, and also decrease the formation of tar and
char. Additionally, CO- is the primary gaseous product when metallic carbonates
and bicarbonates (K.COsz;, Na.COsz;, and NaHCOs) are present. It is, however
important to note that catalytic performance can be influenced by various metal ions
and their concentrations [98]. Incorporating AAEM into the biomass can enhance
the carbon content in the resulting gaseous products, resulting in improved product
quality. Furthermore, loading the biomass with alkali metals can aid in breaking
down polycyclic aromatic hydrocarbons (PAHs) into 1—2 aromatic rings light tar.

2.3 Mechanism of AAEM catalytic char gasification

Chen et al. proposed a mechanism of catalytic gasification of carbon, using AAEM
catalysts in the presence of CO- and H-O [99]. They found that catalytic gasification
was based on the alkali—C interaction by affecting the electron cloud density and
strength and energy of the C—C bond (Figure 2.2). The affinity between the bridge C
atom and the O atom is strongly affected by the local electron density of the bridge
C atom. By attaching an alkali atom to the edge, the net charge of the bridge atom is
substantially increased because of the conjugate effect. Since H.O and CO. prefer to
chemisorb on atoms with larger electron densities, the presence of alkali metal will
facilitate the chemisorption of H.O and CO: on the bridge C atom, and as a result,
the C-O-M (where M refers to AAEM) group shows the catalytic activity.

Figure 2.2 Different states of oxygen complexes in uncatalysed and alkali-catalysed systems (adapted
from Chen et al. [99]).

Another theory, proposed by McKee [100,101], suggests that the catalytic effect of
alkali carbonate occurs through a redox cycle that dissociates CO2/H-0 into CO/H-
and transfers atomic oxygen into the char (Figure 2.3). In a CO. atmosphere,
carbonate decomposes into metal oxides and metals. For steam gasification, the
catalytic intermediates of carbonate were metallic hydroxides and metals. The
influence of AAEM on steam char conversion has been described as an oxygen
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transfer mechanism via the metal M, involving the reaction of salts with carbon,
followed by subsequent metal oxidation by the gaseous environment [100—102]. As
a result, the enhanced oxygen exchange between the gasifying atmosphere and the
reacting solid increases the carbon conversion rate, leading to higher reactivity and
gas production.
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M,CO, +2C—2M + 3CO
2M +C0,~M,0+CO | cq C+ CO,— 2CO co
M,0 + C0,—M,CO,
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Figure 2.3 Reaction mechanism for CO. and H-O gasification based on redox cycle. Based on references
[100-102].

The interaction between AAEMs and biochar under CO- conditions is different from
the reaction under steam conditions [103]. Feng et al. state that CO- is too large to
reach the interior of the biochar and thus has little impact on its aromatic structures
beyond the gas-solid interface. As a result, only the AAEM species on the surface of
the biochar have catalytic characteristics and the transformation from small to large
aromatic rings is slower. By contrast, steam is adsorbed and dissociated into H and
OH radicals, allowing the reaction to occur throughout the entire biochar particle.
During the migration of AAEM species, continuous bond breaking and reforming
leads to further condensation of aromatic rings.

The presence of K has a more significant impact on the H.O/CO- gasification of
biochar than the presence of Ca species. The different gasification rates are due to
differences in the migration characteristics and mechanisms of oxygen
transformation and intermediate hybridization [69,104]. During the thermal
conversion of biochar, AAEM species are released and provide more active sites for
catalytic reactions, and K is reduced to -COK and/or -CK structures to form active
sites on the biochar surface. Ca participates in the gasification reaction by forming -
COCa and -COOCa functional groups with more stable divalent bonds, leading to a
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lower gasification rate. The catalytic mechanism of K mainly affects the formation
of oxygen-containing functional groups and the transformation of small ring
molecules into larger rings, while the catalytic effect of Ca increases the proportion
of large aromatic ring structures [103].

Mei et al. have proposed that the catalytic effect of alkali on gasification rate may
result from the alkali—gas interaction [105]. The gasification CO- can be activated
on the alkali surface, resulting in a higher activity of O*, which can easily attack the
carbon matrix at a high temperature, thus speeding up the reaction with the carbon
matrix, as schematically described in Figure 2.4.
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Figure 2.4 Schematics of the mechanism for the C-alkali interaction during CO. gasification. Adapted
from reference [105].

2.4 Gasifier technologies

The size and type of gasifier selected for a specific process depend on several
parameters, including the product demands, moisture content, and fuel availability.
As shown in Figure 2.5, the main types of reactors used in the biomass gasification
process are fixed bed (a and b), fluidized bed (c and d), and entrained flow (e).
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Figure 2.5: Types of gasifiers [45,106]: (a) fixed bed updraft gasifier, (b) fixed bed downdraft gasifier, (c)
bubbling fluidized bed gasifier, (d) circulating fluidized bed gasifier, (e) entrained flow gasifier.

Fixed bed gasifier

Fixed or moving bed gasifiers [36] can be classified into updraft and downdraft
(Figure 2.5a and 2.5b). They are ideally used for small-scale biomass processes with
a capacity <10 MWhthermai [45]. In the updraft configuration, the solid moves
downwards and the gas produced flows upwards. The size, shape, and moisture
content of the fuel are not critical, and even fuels with high water content can be
gasified. However, the product gas quality is generally low with a high tar content
(5-20%) [107]. In the downdraft configuration, both the solid and the gas move
downwards. This configuration is typically used for gasifying woody biomass with
uniform sizes and shapes. Producer gas from a downdraft gasifier has lower tar
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levels (<1%), a higher temperature, and less particulate matter than gas from an
updraft gasifier.

Fluidized bed gasifier

Fluidized bed gasifiers operate on the principle of fluidization, where a gas stream
is passed through a bed of particles that behave like a fluid. The two most common
types of fluidized bed reactors are the bubbling fluidized bed (BFB) and the
circulating fluidized bed (CFB) [53,108]. In a BFB (Figure 2.5¢), the gasifying agent
is supplied from the bottom through the bed with a velocity between 1 and 3 m/s. A
BFB normally operates at a temperature range between 650 °C and 950 °C at
pressures of 1-35 bar on a relatively large scale (>10 MWinermal). It can handle
heterogeneous fuels with particle sizes up to a few centimetres.

In a CFB (Figure 2.5d), the gasification process is divided into two stages. The first
stage is a bubbling fluidized bed where combustion reactions generate heat, and the
second stage is a high-speed gas (5—10 m/s) to allow the dragging of the solid, where
pyrolysis and gasification take place. It typically operates at temperatures of 800-
1000 °C, below the ash melting temperature to prevent agglomeration of sticky ash
particles. A CFB is well-suited to fuel particles with high ash content. It results in
higher quality product gas and higher throughput than a BFB. It is important to note
that defluidization may occur from particle agglomeration, especially when
agricultural crops and waste are used as feedstock in the gasification process. This
is because the ash from agricultural crops and waste has a higher alkali content (e.g.
sodium and potassium), which can form low-melting eutectics with silica in the sand,
that is, commonly used as a bed material in FBG processes.

Entrained flow gasifier

An entrained flow reactor (Figure 2.5e) normally operates at a very high
temperature (>1200-1500 °C) at pressures of 20—70 bar on a relatively large scale.
Although the high reaction activity of biomass allows biomass gasification to be
carried out at a relatively lower temperature range of 700—1050 °C, this is not a
popular option because of the low ash melting points of biomass and the difficulties
of bulk collection. Furthermore, the ash melting point can be a critical factor to
consider when choosing the design and operating temperatures of biomass gasifiers
[109].

Comparison of gasification technologies

Fixed bed gasifiers are simple and easy to operate, but they have limited scalability
due to poor mixing and heat transfer, resulting in uneven fuel and temperature
distribution within the gasifier. Therefore, it is difficult to scale-up this type of
gasifier. Downdraft reactors are designed to handle only dense and solid feedstock
with minimal water content to ensure efficient gas flow and prevent operational
difficulties. The updraft gasifier, on the other hand, has a high tar production rate,
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making it unsuitable for producing clean product gas, but suitable for gasifying low-
volatility feedstocks like charcoal [45].

The FBG gasifier, particularly the CFB type, is widely recognized as the most
efficient type of gasifier. It is capable of effectively processing fuels with high levels
of volatiles and has a high fuel capacity. The FBG gasifier is robust in
accommodating variations in fuel composition. Additionally, it ensures excellent
particle/gas contact and fuel/bed heat transfer [110]. However, the operation of a
FBG is quite complex, requiring simultaneous control of the air supply, bed material,
and feedstock. The product gas may contain high levels of particulates, which can
circulate and erode equipment. The high-pressure conditions can also result in low
volumetric gas flow rates and other operational complications such as particle
agglomeration and defluidization, particularly when high ash content biomass is
used.

The EFG has many benefits, including being easy to scale-up. It offers high fuel
flexibility, a uniform temperature, and high carbon conversion with low tar
concentration [111]. However, pre-treatment of the feedstock is necessary to lower
its bulk density and moisture content. The high temperature results in medium
thermal efficiency due to increased energy losses.
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Chapter 3

Materials and methods

3.1 Raw material
3.1.1 Biomass

Four different types of biomass were investigated: pine, a mixture of wood and
branches, furniture waste, and straw. Table 3.1 displays the results of proximate,
ultimate, and inductively coupled plasma optical emission spectroscopy (ICP-OES)
analyses for mineral matter conducted on the biomass materials used. The
biomasses were used to explore alkali release during biomass/char CO- gasification
in Paper IV. Additionally, pine and straw were used in a co-gasification study in
Paper V.

3.1.2 Biochars

The biochar (OC) used in Papers I and II is unreacted char collected from an
entrained flow gasifier, using pine wood as feedstock with a maximum particle
diameter of 0.1 mm. OC was collected from the scrubber sedimentation tank and
placed downstream of the gasifier. The biomass was gasified at a temperature
around 1200 °C using air as a gasification agent at an equivalence ratio of 0.28-0.32.
Leached char samples (2L.C and 48LC) were prepared using deionized water as a
leaching agent.

The biochars investigated in Paper IV were produced from those mentioned in 3.1.1.
Biochar IC was gathered from the same gasifier as OC, but from a different batch.
Straw char (ST) was derived from straw char pellets, while furniture waste char was
produced using furniture waste (FW) supplied by IKEA Co. To produce straw char
and furniture waste char, the biomasses was pyrolysed in a fixed-bed reactor with
N. gas at a temperature of 950 °C for two hours to remove volatile matter. The
proximate and elemental analyses of all types of biochars are listed in Table 3.2.
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Table 3.1 Proximate, ultimate, and ICP-OES analysis of the biomasses.

Sample Pine Vtif;(fcﬁgs Fuvf;llttlére Straw
Ultimate analysis (wt%, dry basis)

C 50.9 47.3 48.7 42.9
H 6.2 6.47 6.1 5.86
N 0.1 0.06 4.08 0.48
o* 42.8 46.2 41.1 50.8

S 0.01 (o} 0.04 1.62
Cl < 0.02 -a 0.016 -2

Proximate analysis (wt%, delivered basis)
Moisture 7.2 6.4 5.6 0.2
Volatile 83.6 79.3 76.2 74.4
Ash 0.3 0.3 0.5 6.2
Fixed Carbon 8.9 13.9 17.7 19.2
Mineral matter (mg/kg)

K 340 1430 530 7790
Na 110 30 130 130
Ca 560 1200 1150 2000

Si 40 20 100 6160

P 40 70 10 260
Al 80 20 30 80
Fe 50 10 20 70
Mg 110 150 110 520
Mn 70 50 90 20
Zn 10 10 10 10

aSamples not analysed for Cl. *Calculated from difference: 0%=100%-C%-H%-N%-S%.
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Table 3.2 Ultimate, proximate , and ICP-OES analysis of biochars.

Papers I and II Paper IV
Samples oC 2L.C 48LC 1C ST char FW char
Ultimate analysis (wt%, dry basis)
C 85.77 87.28 87.92 82.5 69.5 81.7
H 1.12 0.95 0.88 1.02 1.3 1.3
N 0.37 0.36 0.36 0.25 0.5 3.1
O* 5.76 6.04 7.38 16.2 28.5 13.9
S 0.09 0.07 0.06 0.03 0.2 -

Proximate analysis (wt%, delivered basis)

Moisture 0.6 0.24 o) 0 0.2 0
Volatile 4.53 3.98 3.51 9.7 9.38 9.09
Ash 6.9 5.3 3.4 4.58 18.79 2.03
Fixed Carbon 88.57 90.72 93.09 85.72 71.6 88.8
Mineral matter (mg/kg)

K 5690 3060 766 2500 28000 3330

Na 755 495 173 230 506 767
Ca 11200 10200 9320 16900 8330 3820

Si 1450 1920 846 950 39800 1300

P 677 701 693 230 1170 229

Al 336 340 330 460 457 158

Fe 720 616 599 620 386 214

Mg 2660 2600 2350 3120 2060 705
Mn 1540 1550 1530 1810 84.9 420

* Calculated from difference: 0%=100%-C%-H%-N%-S%.

3.2 Experimental methods
3.2.1 TGA

The steam gasification of biochar in Papers I and II was performed using a
NETZCSH ST490 F3 thermogravimetric analyser (TGA). Thermogravimetry is a
technique for determining the rate of chemical reactions based on the change in the
weight of a sample caused by the reaction. The primary advantage of TGA is that it
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can easily obtain time-resolved data and enables accurate kinetics characterization
by assessing the reaction rate as a function of char conversion (X).

3.2.2 TGA-SID system

CO- gasification of biochars and co-gasification of straw and pine was conducted in
a TGA-SID system in Papers Il and V. A schematic view of the TGA-SID system is
shown in Figure 3.1. The setup consisted of the TGA and a SID for continuous alkali
measurements in the outlet flow from the TGA. The SID measures the total
concentration of alkalis in the flow from the TGA. The main component of the SID
is a hot Pt filament (1500 K) where alkali containing molecules and aerosol particles
decompose and produce alkali ions by surface ionization. The surface ionization
process is highly sensitive and selective for elements with low ionization potentials
like K and Na, while contributions from other elements are negligible and can be
ignored. The ions emitted from the Pt filament subsequently diffuse to a nearby
collector and give rise to a current that is monitored during the experiments [112—
114]. The SID signal was transformed into an alkali concentration based on separate
laboratory experiments, using KCI aerosol particles with a known concentration.
During the experiments, the SID was operated with a total working flow of 700 ml
min, including the outlet gas from the TGA and an additional N. dilution gas. A
detailed description of the reaction process is given in Papers IIl and V.

diluter

Figure 3.1 Schematic view of the TGA-SID system.

3.2.3 Fixed bed reactor

Alkali release during steam gasification (Paper IV) was performed in a laboratory
batch-scale fixed bed reactor. The experimental rig (Figure 3.2) consisted of three
sections: the inlet line, the reactor and the exit line. The inlet line contained a
nitrogen mass flow controller (labelled MFC in the figure) and a water vapour
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saturator. The furnace was stainless steel, with the main reaction chamber 400 mm
in height and 17 mm inner diameter. The samples were located at the top of the
reactor and heated up to temperatures ranging from 800 °C—950 °C. The char
samples were placed on a plate with a 20um aperture that was supported by another
stainless tube with a 14 mm diameter and 300 mm long. A thermocouple was placed
close to the char bed to monitor the temperature. Steam with a concentration of 8.2
vol% was provided by a water vapour saturator at 42 °C. Two heating tapes were
installed at the inlet tube (150 °C) and outlet tube (200 °C) of the reactor to prevent
steam condensation. The flue gas (exit line) was first diluted with an additional 5
Nl/min N. and then divided into two streams. One was connected to the exhaust,
and the other to the manifold, which led to different analytical instruments: a
CO/CO- analyser (model NGA 2000, Emerson, labelled GRIMM in the figure), a
SID, and a scan mobility particle sizer (SMPS; model 3936, TSI Inc.) See Paper III
for more detailed information.

exhaust
N
oXel,
MFC 2
sample
manifold CO/CO,
N ﬁ
00} SID SMPS GRIMM

MFC 1

1

Water vapor saturator

Figure 3.2 Schematic view of laboratory scale reactor system.
3.2.4 Solids characterization technique
The biochar was characterized as follows:

The texture properties of biochar were determined by N» adsorption (Micromeritics
ASAP 2000) based on the BET (Brunauer - Emmett - Teller) method [115,116]. Prior
to analysis, each sample was degassed at 250 °C overnight. The pore size
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distribution was determined using the BJH (Barrett-Joyner-Halenda) method,
while the micropore volume was determined using the t-plot method.

Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) was
employed to analyse the relative content of elements, including K, Na, Al, Mg, Ca,
Si, and Ti present on the surfaces of the materials used in this study. The surface
morphology of biochar at different conversions (as reported in Papers I and II) was
investigated using a Zeiss GeminiSEM 450 at 15 kV, which was coupled with EDX
(energy-dispersive X-ray spectroscopy). The concentration of surface elements was
determined using a Si (Li) detector and the Oxford INCA Energy program. The
samples were analysed in low vacuum mode with carbon tape beneath them. In
Paper V, SEM-EDS measurements were taken after gasification for a few minutes in
15% CO- at 900 °C, resulting in a degree of char conversion of around 30%. The
morphology of the wood char surface was distinguished from that of the straw
surface using SEM (Phenom ProX Quanta 200 FEG).

3.2.5 Data analysis

The following parameters were calculated and used in the studies to analyse the char
gasification stage.

Char conversion is a term derived from the curves of mass loss as shown in Equation
3-1. Instantaneous reactivity (R) was calculated according to Equation 3-2.:

my—m -
X=—2 1 [] 3-1
my — Mggsh
ax 1 dm, , 3-2
=== [min~!]
dt my — mgg dt

Where mo represents the initial mass of the char at the onset of gasification, m: is
the instantaneous mass of the char at time t, and masn is the remaining mass of ash.
The K/C mole ratios during the conversion process were determined as follows: the
C content throughout the conversion was determined by analysing the mass loss rate
multiplied by the fixed carbon content, while the K content was determined based
on the bulk potassium content. TGA was used to study the intrinsic char reactivity
of different chars.

Paper VI used an additional data analysis method. To obtain the calculated sample
mass of wood and straw mixtures (mcar) at a given time t, the results for pure wood
and straw at a specific reaction time were used, and the following formula was
employed:

Meal = My fiy + M fs 3-3
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where mw and ms represent the wood and straw masses at a time ¢, and fw and f;
represent the initial fractions of the wood and straw mixture.

In a similar way, the calculated alkali release rate (i.e., theoretical alkali release rate,
Acar) of the mixtures at time t was obtained using the following equation:

Acal = Ayfiv + Asfs 3-4

where Ay and As represent the instantaneous alkali release rate for wood and straw,
respectively.

The synergistic effects observed at a particular conversion ratio X during the
isothermal co-gasification process can be expressed by a synergy index (SI)
[31,32,117]:

t -
Sl = X,cal 3-5
tX,exp

where txca, and txexp denote the calculated and experimental gasification time
required to reach a conversion ratio X, respectively. When the value of SI is larger
than one, it indicates a positive synergistic effect during co-gasification, and a higher
SI value indicates a more significant synergistic effect [31].

3.2.6 Kinetic modelling

Paper II discussed gasification kinetics. The kinetics of gasification are generally
described as a combination of the effects of operating conditions and char
conversion. Equation 3-6 represents the kinetics of a reaction [118,119]:

ax -
= k() * g(py) * FOD) 50

k(T) is the apparent reaction rate constant and the g(py) function indicates the
dependence of the reactivity on the partial pressure of the gasifying agent. X is the
conversion and f(X) describes the structure change, which is dependent on the
conversion. The partial pressure (p,) of the gasifying agent was kept constant.

The reaction rate constant is only temperature dependent and can therefore be
defined by the Arrhenius equation (3-7).
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k, is the pre-exponential factor, E is the activation energy (J/mol), R is the universal
gas constant (J/mol/K), and T is the reaction temperature (K).

Four models were used to describe the steam gasification rate of the char samples,
namely, a first order pseudo-homogeneous model (HM), a shrinking core model
(SCM), a random pore model (RPM) and a modified random pore model (MRPM).

In the HM [120] the first order reaction rate is proportional to the conversion. The
model assumes that the steam reacts with the char at active sites that are uniformly
distributed throughout the particle. Structural changes during the reaction are not
taken into consideration. The expression for reactivity according to HM is shown in
3-8.

dX 3-8
yri ky(1—X)

Szekely and Evans [121] proposed SCM model, assuming that a particle has a
uniform nonporous structure and that the reaction takes place on the external
surface. If the reaction is under chemical reaction control and the shape of the grain
is spherical, the overall reaction rate is shown as:

dX 3-9
- = — X)?/3
T ks(1—X)

The RPM model developed by Bhatia and Perlmutter [122] assumes that reactions
happen both on the external surface and in the pores. The pores coalesce and new
pores generate simultaneously as the carbon is consumed. The RPM expression is
given below [122]:

fl—f = k(1 = XYL —9In (1 - X)] 3710

Where p is known as the structure parameter, related to the pore structure of the
non-reacted sample. It can be determined by the experimental maximum
conversion values (0< X,,,,,<0.393) according to [121,123]:
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A modified model was developed based on RPM to describe the catalytic activity of
the ash compounds [67,124]. According to this model two empirical constants are
introduced:

ax

= = k(= X)Y[1 = In(1 = X)] (1 + (X)P)

3-12

c and p are dimensionless parameters used to describe the observed increase in the
reaction rate due to the catalytic activity of the mineral content [67]. Throughout
the paper, this model modification is called the modified random pore model
(MRPM).

Equations (3-8), (3-9) and (3-10) are linearized, resulting in the equations (3-13),
(3-14) and (3-15), allowing the determination of the reaction rate constants at
different temperatures from the slopes of the linear expression.

kyt = —In(1 - X) 3-13
kst = 3|1 — (1 -X)¥3| 3-14
2 3-15

ot

=1p{\/[1—1/)ln a-xl-1}

It should be noted that iy depends on the initial structural properties of chars [122].
It can be derived from the maximum conversion rate given in Equation (3-11).

29



30



Chapter 4

Porous structure development
and the effects of alkalis

Char pore structure and the presence of alkali and alkaline earth metals are two key
parameters that can affect char reactivity. However, most studies of steam biomass
char gasification focus on either char structure development [63,125] or ash content
[35,64,70,126,127], neglecting the combined effect of both parameters. Mechanistic
studies of how both parameters contribute to the reactivity of char during its
transformation under steam gasification conditions are important to enable the
development of kinetic models.

This chapter summarizes the work conducted in Papers I and II investigating the
steam gasification of commercial gasifier char. It describes the development of the
porous structure and potassium-induced phenomena.

4.1 Effect of porous structure development on char
reactivity

In this section, the aim is to study the effects of porous structure development on
the steam gasification reactivity of commercial biochar residues at different
temperatures using a TGA instrument. The biochar was partially gasified and
characterized in terms of textural and morphological characteristics, as well as ash
content. The ash-leached char samples were also compared with the original char to
evaluate the combined effects of structural development and ash effect.

The micropores development reactivity of char and the pore size distribution of char
at different conversions at 800 °C are shown in Figure 4.1 (results for 700 °C and
750 °C can be found in Paper I). Figure 4.1a shows there are two distinct regions of
conversion with different reactivity behaviour. The ratio curve between the micro
surface area and total specific surface area (Smicro/Stotat ) Shows a close correlation
with changes in reactivity. In the conversion range from o to 70%, both reactivity
and the Smico/Stotal ratio decreased. Thereafter, the reactivity starts to increase
similarly to the Smicro/Stota ratio. This behaviour may be related to the generation of
new micropores, resulting in an extended surface area for heterogeneous steam-
carbon reaction, which leads to increased reactivity.
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Figure 4.1 (a) Micropore development and reactivity at 800 °C; (b) Pore size distribution of char at
different conversions at different temperatures according to the Barrett-Joyner-Halenda (BJH) method.
As shown in Figure 4.1b, micropores are generated simultaneously with the growth
of mesopores (2—50 nm) during char conversion. This process also results in the
development of macropores (> 50 nm) at higher conversions, although to a lesser
extent. The simultaneous and uniform development is indicative of a porous
network [8] that is interconnected. When the conversion rate exceeds 70%, the
mesopores fraction begins to decrease while macropores show progressive pore
growth. It's worth noting that the pore volume in the macropore range exhibits a
positive correlation with the conversion rate.

As shown in Figure 4.2, the total pore volume (Viotal) and the total specific surface
area (Stotal) increase 1.3—3.1 and 2.0—5.3 times, respectively, with conversion up to
about 70% at all temperatures. This indicates formation of new pores as a result of
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steam-carbon reaction. Similar results are reported in other studies [63]. Stota and
Viotal start to decrease after about 70% conversion. The fraction of micropores
increases with conversion monotonically and constitutes most of the surface area of
the char. The generation of micropores suggests a reaction on the active sites of char
on the external surface [128] or the opening of the closed pores of the biochar
structure [66,129]. Both possibilities are supported by the observed increase in char
surface area and pore volume (Figure 4.2). More details can be found in Paper I.
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Figure 4.2 Textural properties of the OC at different temperatures: (a) the total pore volume versus
conversion; (b) the total specific surface area versus conversion; (c) the micropore volume versus
conversion.

The SEM images (with 1000x magnification) of original char and gasified chars at
different carbon conversions from gasification at 700 °C are shown in Figure 4.3.
The surface of the original char is quite porous with sparse mineral particles, mainly
Ca, distributed thinly on the char surface. Carbon is continuously consumed during
the gasification reaction, and pores of gasified chars expand and increase resulting
in the formation of honeycomb-like structures on the char surface. At 25% char
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conversion, the surface is more porous than the original char, with a greater number
of small pores dispersed across the surface scattered on the char surface. During the
char conversion, the initial holes are enlarged and new pores are produced (circled
in red), while the particle size of the char steadily decreases. Consistent with the
findings of Yonghui et al. [6—8], agglomerates are generated at higher conversion
(green triangle) due to the increased mineral content during char consumption.
More detailed information on the char SEM gasified at 750 and 800 °C can be found
in Paper I.

Figure 4.3 SEM images (1000x magnification) of char with different carbon conversions prepared from
char gasification in H.O at 700 °C.
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4.2 Effects of alkali on char reactivity

This section describes the findings related to the catalytic effects of alkali in the
steam gasification of char with varying intrinsic mineral contents but a similar
morphology. The aim was to enhance understanding of the effects of minerals on
the kinetics of steam gasification. Different kinetic models were employed to
validate the steam gasification activity results.

Figure 4.4 depicts the instantaneous reactivity (R) of all samples as a function of the
conversion at 700 and 800 °C. As shown, the R of all the samples is essentially the
same until a certain degree of conversion, followed by a rapid increase as conversion
progresses. At degrees of conversion below 0.6 at 700 °C, the observed difference in
R for the three chars at the same temperature is small with a subsequently faster
increase in R with higher potassium contents (Figure 4.4a). The onset varies with
the degree of leaching (differing potassium content) and is observed at conversions
of 67%, 78% and 92% for the OC, 2LC, and 48LC biochars respectively.
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Figure 4.4 Instantaneous char gasification rates of all samples at (a) 700 °C and (b) 800 °C as a function
of the degree of conversion.

At higher temperatures the onset is shifted to a lower degree of conversion, as
illustrated for OC and 48LC at 800 °C in Figure 4.4b, but with the same order
between the chars. The shift due to the higher temperature is rather small in the
case of 48LC, indicating that potassium is the main reason for the larger shift
observed for OC and 2LC. At a temperature of 800 °C, the instantaneous rate of
conversion sharply increases during the initial stage, as depicted in Figure 4.4b (left
insert).

The leaching process removes material uniformly throughout the particle volume,
as similar proportions of aluminium, calcium, and potassium content in both the
bulk and surface of carbon particles between 2LC and OC was observed. This
supports the hypothesis that potassium volatilization is negligible. More
information can be found in Paper II. Although the quantity of potassium is linked
to the reactivity of the char, its distribution, composition, and coverage by carbon
are also crucial factors. It has been reported that potassium silicates and/or
aluminates that are formed during gasification have no catalytic activity for char
conversion [18,21,70,130,131] and additionally act as a diffusion barrier for the
oxidizer [132]. However, X-ray elemental mapping of char surfaces indicates that
the formation of silicates or aluminates is negligible and thus the total amount of
potassium can be considered as active. The dispersion and the surface coverage of
potassium is also an important parameter to consider when considering the activity
of potassium. The ratio K/C was used to address the surface availability. The
calculation method can be found in section 3.5.2.

Figure 4.5 shows R as a function of K/C for the different char samples for 700 °C.
The reaction rates slowly increase (relative change < 25 %) for K/C ratios less than
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5x103 with the corresponding conversion being lower than 70% (see also Figure
4.6). This suggests that the earlier stage reactions are noncatalytic. When the K/C
ratio is larger than around 5x10-3 there is an obvious monotonic increase of the
reaction rate for all temperatures. This indicates that there is a critical value of active
site availability for the conversion above, which is greatly influenced by the
potassium present. A closer look at 700 °C in Figure 4.5 shows that R follows a
monotonic increase until complete conversion (X > 90% and K/C > 0.02). The only
exception is OC, where the increase rate of the R diminishes as complete conversion
approaches. Finally, no inflection point was observed for the K/C ratio at which the
R begins to decrease, unlike in the gasification of high-ash-containing char [18,133—
135]. The different behaviour, compared to the literature may be due to the
difference in ash content between agricultural char and woody char. Agricultural
chars typically have much higher silicon content than wood, and silicon is widely
known to be a catalyst deactivator [21,70,131] due to its strong thermodynamic
affinity for potassium. Physically, a molten layer around the fuel particles might
restrict gas agent transfer. The result indicates that surface saturation is sample-
specific (ash-K loading) and depends on the temperature history of the char.
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Figure 4.5 R versus the atomic K/C ratios from o to 0.02 for 700 °C.

Four different models were used to model the experimental results. The results are
shown in Figure 4.6. The HM model fails completely, especially for the higher
temperatures 750 °C and 800 °C. The SCM model was better, but the RPM model
provides a still more satisfactory description of the degree of conversion, depending
on the K content and the temperature. However, while the RPM model reconstructs
the gasification curve up to a conversion of 70%, it does not adequately account for
the increase in reaction rate related to the catalytic effect of ash beyond this point.
To address this issue, the MRPM model was implemented to describe the specific
catalytic effects of potassium on char gasification. It was found that this model could
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describe the entire conversion process, including the observed peaks in reactivity,
for all cases. The first peak, potentially associated with the role of water-soluble
calcium in promoting pore development, is explained by the role of the dispersion
and form of calcium species in enhancing the porous structure of the char [136]. The
second peak, ascribed to the catalytic effects of potassium, is also captured by the

MRPM model for all cases.
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Figure 4.6 Comparison of the simulated and experimental data for gasification of (a) (b) OC, (c¢) (d) 48LC.

The factors c and p (Equation 3-12) are two derived parameters in MRPM related to
the inorganic content in the char [67]. Figure 4.7 shows a linear increase in ¢ with
increasing K concentration, while log(p) exponentially decreases for all
temperatures. Zhang et al. [67,137] reported similar results for ¢ when they
investigated steam gasification of chars from different biomasses at 850 °C and coal
and carbon at 9oo °C. In both those studies, a single temperature was used in the
char gasification experiments. In this study, the parameter ¢ was found to be
independent of the measured temperature range, as disclosed by the well separated
points at each K concentration. The p parameter also strongly depends on the
potassium content and shows a small negative correlation with temperature.
Nevertheless, the exponential decrease of log(p) versus K concentration differs from
the results reported by Zhang et al. [67,137], who observed a linear decrease. The
reason for this is currently unclear and further investigations is needed.
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Chapter 5

Alkali release behaviour

The importance of alkalis in gasification processes and their effect on char reactivity
was well established in chapter 4. Knowledge of the behaviour of alkalis during
biochar gasification is currently limited, with only a few studies contributing to
understanding the mechanism at work. In particular, only a limited number of
studies have investigated the release of alkalis as a function of char conversion
during steam [23,24] and CO-: [20] gasification, and all of them have focused
exclusively on agricultural biochar.

In this chapter, the aim is to shed light on this issue by characterizing the release of
alkalis during woody and agricultural biochar conversion under both CO. and steam
conditions (Paper III and IV). Alkali release was investigated with high temporal
resolution, and the results relate the alkali behaviour to char conversion rate.

5.1 Alkali release behaviour during CO-
gasification

This section presents the results for alkali release and char reactivity during CO-
gasification. Five diverse types of biomass chars were used as feedstock: furniture
waste, straw, pine, wood and branches, and industrial char. The experiment was
performed by using an online alkali measurement setup with TGA (Figure 3.1). Mass
loss and alkali emission were monitored simultaneously, facilitating a correlation
between the two parameters. The impact of CO. concentration, gasification
temperature, and char production method on the results is described and discussed.

5.1.1 Reactivity and alkali release

Figure 5.1 displays the mass loss rate, alkali release rate, and reactivity of four types
of biomass-based samples during CO- gasification. For all samples, the mass loss
rate increases immediately when CO: is injected (Figure 5.1a). The pine and
furniture waste chars are gasified at a similar rate, while the gasification of wood
and branches char is substantially faster. Straw char has a different profile with a
continually decreasing conversion rate as the conversion ratio increases (Figure 5.1a
and 5.1c). Wood-based chars undergo three stages: a rapidly decreasing conversion
rate (1) at a low conversion ratio followed by a stage with a slowly decreasing r and
finally an increasing r before conversion is completed (Figure 5.1c).
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Figure 5.1 Sample mass and alkali release rate during CO- gasification of char produced from pine wood,
a mixture of wood and branches, furniture waste, and straw: (a) sample mass loss rate; (b) alkali release
on a logarithmic scale; (c) conversion rates; (e) instantaneous reaction rate R; (d) alkali release rate as a
function of conversion ratio.

The mixture of wood and branches has a higher char reaction rate compared to pine
and furniture waste due to higher potassium concentrations (Table 3.1: 1430, 530,
and 340 mg/kg, respectively). Therefore, differences in reactivity follow the
expected trend of the alkali concentration in the original materials. The behaviour
of straw char is distinct from that of woody chars. Although its high potassium
concentration (7790 mg/kg) suggests increased reactivity, its abundance of silicon
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(6610 mg/kg) and phosphorus (260 mg/kg) has a detrimental effect on char
reactivity [22,138]. The formation of K-rich silicates and phosphosilicate likely
immobilizes alkali, reducing their availability for catalytic reactions. However, a
possible stabilization due to a higher concentration of calcium may partly hinder the
deactivation of alkali [79]. These findings are consistent with previous observations
[5,126,127] of a correlation between gasification reactivity and potassium content in
steam gasification.

As shown in Figure 5.1b, alkali release increases when CO. is injected and then
decreases for all forms of char in a similar way. The absolute alkali release rate is
comparable for wood-based chars, but for straw char it is 40—50 times higher due
to the high alkali content. As gasification approaches completion, all three wood-
based chars display a remarkable increase in alkali release rate of up to two orders
of magnitude. The peak is followed by a rapidly decreasing alkali emission from the
remaining ash. The alkali emission from straw ash behaves markedly differently, for
the release rate decreases continuously to the end of the gasification process.

As shown in Figure 5.1d, the alkali release from straw char reduces progressively
with increasing conversion ratio and can be approximately proportional to the
amount of remaining char mass. For the wood-based chars, they showed similar
patterns of alkali release during gasification. The alkali release increased when the
gasification began and then slowly decreased as the process continued, until a
significant release of alkali occurred as gasification neared completion. This pattern
has also been observed for potassium-loaded coal char. Halim et al. [134] conducted
a study on lignite char samples with varying potassium content and found that while
there was no volatilization of potassium at low conversion levels, there was a
noticeable loss of potassium for X > 0.7. These results suggest that alkali is gradually
enriched in the char during gasification and is finally released in large amounts
under the conditions present during the final stage of the process. This
interpretation aligns with observations of increasing alkali concentrations in
biochar as conversion increases [23,24].

The final peak in alkali release observed for woody chars is likely related to an
increase in instantaneous char reaction rate. The increase in rate is believed to be
due to a significant catalytic effect of alkali caused by the formation of more active
C-K sites (see Figure 5.9). A detailed mechanism will be presented in section 5.3.
The effect of CO. concentration, temperature, and char production method on alkali
release and char reactivity supports this conclusion. Specifically, high CO-
concentration and high gasification temperature both result in increased alkali
release and char reactivity, as discussed further in the next section.
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5.1.2 Effects of operating conditions and char production method

The influence of temperature and CO- concentration on gasification reactivity and
alkali release isillustrated in Figure 5.2. A high CO. concentration increases the char
gasification reactivity and increases the alkali release rate (Figure 5.2a) as the char
is consumed. Temperature is another important parameter: a high temperature is
expected to accelerate the gasification process [35]. As shown in Figure 5.2b, the
reactivity (R) of the pine char increases significantly with increasing temperature
during all stages of the gasification process, with the reactivity nearly doubling at
950 °C compared to 900 °C. A higher gasification temperature also results in a
higher alkali release rate, as shown in Figure 5.2c. For X < 0.8, the alkali release rate
increases slightly when the temperature is raised from 850 °C to 900 °C, and then
substantially as the temperature is further increased to 950 °C.
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Figure 5.2 (a) Instantaneous conversion rate and alkali release rate as a function of conversion ratio in
15% and 35% CO. for pine; (b) conversion rates and (c) alkali release rate as a function of conversion
during pine char gasification in 15% CO- at 850 °C, 900 °C, and 950 °C. Legends for panel (c) are the
same as in panel (b).

A high CO: concentration and a higher temperature can both enhance the R and
alkali release. There is, however, not a one-to-one relation between the two
parameters. Over a large conversion range (0 < X < 0.6), the instantaneous
conversion rate slowly increases while the alkali release rate decreases. This
suggests that the processes are complex and that other factors are at play in addition

45



to the catalytic effect of the available alkali. These factors may include, char
structure and the influences of other minerals [20,21].
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Figure 5.3 Conversion of pine char samples obtained from different char production processes during
gasification in 15% CO2 at 900 °C: (a) conversion rate; (b) instantaneous conversion rate (X from o to
0.995); (c) alkali release rate.

Studies focusing on pine char also illustrate the influence of the char production
method. Typical results are presented in Figure 5.3. The chars produced with
intermediate cooling processes in TGA (P-900: pretreated at 900 °C and cooling to
200 °C; P-950: pre-treated at 950 °C and cooling to 200 °C) have lower gasification
reactivity than the standard pine sample (Figures 5.3a and 5.3b), with noticeable
differences in the initial and final conversion stages. The alkali release from the pine
sample is also significantly higher than that from the intermediate cooling char.
Clearly, heating and cooling the samples reduces the amount of alkali available for
release during the subsequent gasification procedure. Therefore, the enhanced
stability of alkali compounds within the char structure could be considered as a
possible explanation for the decreased release found for intermediate cooling chars.
Structural changes in the char [83], and alkali reactions with other compounds (e.g.
Si0.) may both play a role in producing more stable alkali compounds. The
industrial char (IC) sample was collected from an industrial entrained flow gasifier
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that used the same pine wood as fuel. Samples experienced gasification
temperatures up to 1200 °C in the industrial process. The observed IC conversion
rates are similar to the results for the other three samples.

5.2 Alkali release behaviour during steam
gasification in a fixed bed reactor

This section describes the finding from studies of the release of alkali substances
from various biochars using steam as an agent (Paper IV). An industrial char (IC)
sourced from an entrained flow gasifier was studied to assess its alkali release
behaviour at temperatures ranging from 800 °C to 950 °C and for two different
particle sizes. The study results were compared with those from two other biochars
to gain further insights into the relationship between char and alkali interactions.
The study employed a fixed bed system, as shown in Figure 3.2.

5.2.1 Alkali release of biochar

Figure 5.4 shows that the alkali release concentrations gradually rise until they
reach a maximum point consistent with the CO and CO. maximum peak in the
later stage. It is important to note that a fixed bed with a height of 10 mm is being
used. At the beginning of the char conversion, the alkali desorbs from the
particles in the conversion zone, moves upwards in the bed, and becomes
trapped by interacting with the char located at the top of the bed. The peak of
alkali release observed at the end stage of gasification may be due to free alkali
that can no longer be adsorbed onto the char particles, since the bed has almost
disappeared, as well as alkali that is released from the final shrinking char particle
present in the bed. Furthermore, the alkali catalytic effect is more dominant
towards the end stage of char conversion. As the char conversion nears its end,
with only a thin layer of char left in the bed, the catalytic effect of alkali becomes
significant due to the rapid formation of more active sites [5] as the K/C increases.
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Figure 5.4 CO, CO: and alkali concentrations as a function of time during heating and subsequent steam
gasification of industrial gasifier char at 850 °C and 950 °C.

High temperature creates favourable thermodynamic conditions and accelerates the
reaction kinetics [35]. Figure 5.5a and 5.5b demonstrate that the reactivity (r and R)
of industrial char increases significantly throughout the gasification process as the
temperature rises. At 950 °C, reactivity is nearly twice as high as at 9oo °C.
Moreover, at all temperatures, the R value increases exponentially during the later
stages of gasification.
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Figure 5.5 Reactivity and alkali release of industrial char at different temperatures: (a) Conversion rates
versus conversion; (b) R versus conversion (X from o0 to 0.99); (¢) alkali release versus conversion; (d)
normalized alkali release.

Alkali release of IC versus conversion at different temperatures is shown in Figure
5.5¢. In the char gasification process, the alkali release is divided into two stages.
When conversion X < 0.6, the alkali release increased monotonically. When, X >
0.6, alkali begins to release exponentially until the gasification process is complete.
The more char is converted, the more alkali is migrated/exposed on the char surface
and then released [139]. A higher gasification temperature resulted in a higher alkali
release because at a higher temperature the desorption of the alkali is faster and can
accelerate the decomposition of inorganic alkali compounds [140]. This is consistent
with previous studies under CO- conditions (section 5.1.2). As shown in Figure 5.5d
shows that at 950 °C the alkali release is 35%, 25%, 8% higher than at 800 °C, 850
°C and 900 °C, respectively.

5.2.2 Effect of particle size

Further information was obtained through studies involving different char particle
sizes. Two particle sizes with diameters of 125 and 235 um were examined, with
specific surface areas of 221 and 172 m2/g, respectively. As shown in Figure 5.6a and
5.6b, the smaller char particle size demonstrated higher char reactivity, which is
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consistent with other studies [141—143]. The increase in reactivity with decreasing
particle size may be attributed to a reduction in diffusional resistance for steam into
the char particles [143]. This indicates that for the particle sizes examined in this
study, diffusion restrictions cannot be neglected for industrial char. These findings
align with previous investigations [141,142].

The alkali release data obtained from experiments involving different particle sizes
also supports the above observations. As shown in Figure 5.6¢, alkali release was
more significant for smaller particles than for larger ones, and the final increase in
alkali during the conversion process was more prominent for the smaller particles.
These trends qualitatively follow changes in char reactivity, which supports the idea
of a strong correlation between reactivity and alkali release.
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Figure 5.6 Steam gasification at 850 °C of industrial gasifier char with average char particle sizes of 125
um and 235 pm: (a) conversion rate; (b) instantaneous conversion rate (X from o to 0.99); (c) alkali
concentration as a function of char conversion. The inset in panel (b) displays the data for X = 0—0.5 in
greater detail.

5.2.3 Comparison of different biochar

Results obtained during gasification of the three different char samples are
presented in Figure 5.7. For all samples, there are sharp peaks in CO and CO-
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concentrations occur immediately when steam is introduced, indicating a rapid
increase in carbon conversion. Three chars showed different gasification

behaviours.
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Figure 5.7 Release of alkali, CO- and CO for different samples at 9oo °C: (a) Furniture waste; (b)Straw;
(¢)Industrial Char.

In case of furniture waste and industrial gasifier chars, the CO and CO-:
concentrations remain stable or slowly decrease during most of the gasification.
However an increase followed by a rapid decrease is observed at the final stage.
Furniture waste char exhibits a stable phase that lasts up to 7200 s, while the
industrial gasifier char requires 10000 s for the same phase, suggesting a slower
carbon conversion rate for the latter. This is also illustrated by the lower reaction
rate level for the industrial gasifier char, compared to the furniture waste char in
Figure 5.8. The gasification performance of straw char differs significantly from that
of woody chars, exhibiting a near-exponential decrease in CO and CO-
concentrations following the initial reactivity increase caused by the addition of
steam. The straw char gasification also takes considerably longer time, indicating a
lower overall reaction rate. As can be seen in Figure 5.8, the conversion rate of the
straw char starts at a higher rate than that of compared to the woody chars, but
thereafter decreases linearly with time.
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concentration. (¢) instantaneous reaction rate R.

The dash lines in Figure 5.8 shows the calculated reaction rate r assuming a constant
mass loss rate. It estimated the mass loss data collected directly after the first peak,
corresponding to the initial char conversion rate with negligible influence of the gas
phase alkali released from converted char. The projected r line for straw char closely
follows the experimental r line. By contrast, the experimental reaction rate for
woody char largely deviates from the projected lines, exhibiting higher reaction
rates throughout char conversion. One possible explanation for the observed
behaviour of straw char is that it may be completely saturated with alkali, reaching
the maximum rate of alkali-catalysed char gasification, as proposed by Karlstrom et
al. [18]. The observed high alkali release rate supports the presence of alkali in
excess on the surface in Figure 5.8b. Nevertheless, other factors might also inhibit
the alkali catalytic. When the conversion ratio exceeds approximately 0.3, despite
having the highest potassium concentration, straw char exhibits lower reactivity
than furniture waste char. This decrease in reactivity may be attributed to the high
content of Si (39800 mg/kg) and P (1170 mg/kg) in straw, form K-Ca-rich silicates
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and phosphosilicate [144], which are known to reduce char reactivity [22,138]. They
immobilize alkali otherwise available for catalytic reactions, although possible
stabilization due to the presence of calcium (8330 mg/kg) may partly hinder the
deactivation of the alkali [79]. Other studies on steam gasification of biofuels
[5,126,127] have reported similar results and shown a similar correlation between
gasification reactivity and the potassium fuel content.

5.3 Alkali release and char gasification
mechanism

Figure 5.9 presents a simplified schematic model to assist in the discussion of the
various factors that affect alkali release and induced alkali catalytic effects. In the
diagram, alkalis generally undergo the following processes: (1) redistribution on the
biochar surface through diffusion, whereby it diffuses from the bulk to the surface;
(2) formation of alkali vapours through desorption or adsorption from existing
alkali vapours; (3) migration from one particle surface to another char surface; (4)
combination with other metals to form alkali metal silicates; and (5) release through
volatilization, which can be measured by SID.

Measured by sip

char/ash/bed
mate‘g Volatile alkali(s)

@
co Combined with
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0, 0rH:09)

Char surface

Figure 5.9 Schematics of the alkali release and catalytic mechanism during CO. and steam gasification.

The alkali catalytic process can be divided into three parts: (6) carbon-alkali
interaction, related to the oxidation of charcoal, forming different intermediates:
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carboxylic (-CO:K), phenolic (-COK) and potassium—carbon (-CK) groups
[145,146]; (7) gas—alkali interaction in which the gasification agent (H20 or CO.)
comes into contact with the gaseous alkali to release more active O* [105]; and (8)
interaction between the gasification agent and the alkali present in the ash/bed
material, which also releases more active O*.

The different mechanisms of alkali release and char conversion for different biochar
particles are shown in Figure 5.10. The different mineral content of woody char
(from furniture waste, wood, and branches), straw char, and industrial char may
explain their varying alkali release and reactivity behaviours, as shown in Table 3.1
and 3.2. For example, woody char contains medium K and Ca with a low Si. Straw
contains the highest Si and K. In comparison, IC contains the highest Ca and Mg.

= 0,
Conversion 10% 50% 80%
Woody & _
Ch ar Potassium o Silicon

Calcium
Magnesium

Release

-

% e  Potassium
Char )
. &

Figure 5.10 Mechanism of alkali release process during biochar gasification process.
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The proposed mechanism for woody char alkali release is shown at the top of Figure
5.10. The K content gradually decreases until 80% converted, followed by an
increase in K release. With the consumption of the char, more of the K distributed
inside the char particle approaches the pore entrance, which improves agent access
to the K. The migration of alkali happens from the internal carbon matrix structure
to the gas—solid interface. Bulk alkali can dissociate to form intermediates, while
calcium can bond with two sites in the char and connects more strongly to biochar
than K does [147]. The final peak in alkali release observed for woody chars (Figure
5.1b and 5.8b) is likely related to an increase in the instantaneous char reaction rate.
As the K/C ratio increases, more active sites are formed, leading to a significant
catalytic effect of alkali. Additionally, free alkali not bound to the char matrix are
also present, contributing to the observed release of alkali. In general, the results
depicted in Figure 5.9 indicate that K diffuses from the inner particle to the surface
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and bulk (route 1), with some being released (route 5), and the rest bonding with the
newly formed edge site (route 6), resulting in an increase in R.

The ash content from straw char had a very different composition, dominated by Si,
followed by K and Ca. As a result, straw char displays a different gasification
mechanism (Figure 5.10). There is large potassium release at the beginning of the
gasification stage, which gradually decreases (Figure 5.1d and 5.8b), but R seems to
remain low throughout process (Figure 5.1e and 5.8c). This is because the K was
already saturated on the straw char particles at the beginning of the process, and
there are no free functional groups available to capture excess K. Moreover, as the
conversion proceeds, the relatively high silicon content (Table 3.2) together with
potassium forms melted ash that can encapsulate the char [132], so inhibiting the
catalytic effects of K and limiting its release. Therefore, the R of straw char is always
low. As described in Figure 5.9, K diffuses from the inner particles to the surface and
bulk (route 1) and keeps releasing due to straw’s high potassium content (route 5),
while the remainder is bonded with other minerals (route 4), resulting in a low R.

The IC sample contains the highest calcium of these three samples and was pre-
treated at a high temperature (1200 °C). It does not exhibit any alkali release initially
(as seen in Figure 5.5¢), possibly because surface alkali has already been released
due to the high temperature gasification and the remaining K is captured inside the
particle. Additionally, due to the high calcium content, a portion of the alkali
interacts with calcium, especially at a temperature of 900 °C [148] which can limit
alkali release. At the later stage of the reaction (X > 70%), the release behaviour is
the same as for other woody chars because more active sites have been formed and
more Kis exposed on the surface. This leads to the release due to carbon conversion.
As can be observed from Figure 5.9 and 5.10, when conversion is lower than 80%, K
mainly diffuses from the inner particle to the surface and bulk (route 1) and
combines with Ca (route 4). When the conversion is higher than 80%, K is released
due to carbon conversion (route 5).

It is important to note that particle migration is more pronounced in a fixed bed
reactor than in a TGA. The TGA uses small char samples with good heat distribution,
whereas a fixed bed reactor is a more complex setup that better simulates larger
gasifiers. However, the fixed bed reactor presents challenges as heat and gas must
travel through tightly packed char particles, resulting in uneven heating and
gasification, which may affect gas production rates and species. As shown in Figure
5.11, an ash layer forms at the bottom of the char bed during char conversion. As
described in Figure 5.9, volatile alkali from the ash layer can be absorbed to the char
surface (route 2) and partially diffuse into the inter-pores of the carbon matrix
(route 1), similar to the residual alkali in the char. A part of the alkali(s) from ash or
from the gas phase can either contact the gasifying agent to form O* (routes 7 and
8) or bind with oxygen, forming stable oxygen-containing structures, mainly C-O-K
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and COO-K structures [149] (route 6). The rest are released from the char bed.
Moreover, volatile alkali(s) exhibit better catalytic activity than residual alkali,
which may be due to the more stable volatile alkali species and char matrix or the
better dispersion effect of volatile alkali [150].

Char bed

< Ashlayer

@ Volatile alkali(s)

H.0/C0, / Migrate

Fixed bed reactor / Release

Figure 5.11 Alkali transport behaviour in a fixed bed reactor.

In general, under the same operating conditions, the main difference between CO-
and steam is that under steam the biochar—H-0O reaction occurs throughout the
whole biochar particle, namely the carbon matrix and the gas—solid interface, while
under CO- conditions the reaction mainly occurs on the gas—char interface [103].
Under steam conditions, water vapour can easily penetrate the porous structure of
biochar and react with carbon at various locations within the particle. On the other
hand, in CO- gasification, CO- has lower reactivity with carbon compared to steam,
and the reaction rate is slower. CO= molecules also have a larger kinetic diameter
than H.O molecules [151], making it difficult for them to penetrate the porous
structure of biochar. Moreover, CO- is formed during H-O gasification, making it
challenging to conduct a purely H.O gasification study. The results from steam
gasification (Paper IV) align with the findings from CO. gasification (Paper III) for
all three types of char as regards the impact of conversion on reactivity and alkali
release. However, a detailed quantitative comparison of the two studies is
difficult due to differences in the experimental setups, sample sizes, and
other parameters. Therefore, future research should aim to use consistent
experimental procedures to provide a more accurate comparison of the
gasification performance of CO. and H-O.

The release and interaction of alkali with char particles and bed materials play a
critical role in both heterogeneous and homogeneous reactions during the
gasification process. The results from sections 5.2 and 5.3 highlight the behaviors of
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alkali metal release in different biochars. Woody char typically releases alkali metals
at above 80% conversion (Figure 5.1d and Figure 5.8b), whereas agricultural char
tends to release large amounts of alkali metals during the early stages of conversion
(Figure 5.8b) and continues to release until the end of char conversion. The alkali
release at different stages of conversion ultimately affects gasifier performance. This
is particularly the case in regard to fixed bed reactors, where fuel conversion occurs
in different zones and the resulting gases flow through the bed before exiting the
reactor [45]. In updraft gasifiers, gas-phase alkali released during char oxidation
can transfer to the reduction zone and affect the char gasification rate, while in
downdraft gasifiers, alkali released from the pyrolysis zone can travel down to the
oxidation zone and impact char conversion.

In direct fluidized bed gasifiers, alkali and bed particles interact to create active bed
materials that facilitate the gasification of char and catalytic conversion of
hydrocarbons within the bed [152, 153]. Alkali is important in this type of gasifier.
However, the fact that all conversion processes take place in a single reactor, the
released alkali will be uniformly distributed within the bed due to good mixing, of
course there is local variations in fuel-bed mixing. As a result, it is challenging to
identify any clear benefits of knowing when the alkali is released during the
conversion process for these gasifiers.

In dual fluidized bed gasifiers, char is gasified and combusted in separate reactors,
with bed material transfer between them to provide the heat needed for the
gasification process. The location of alkali release during char conversion inside the
gasifier depends on the ash content of the biomass. For example, high ash content
biomass, such as straw, results in most of the alkali release occurring in the
gasification zone, while for low-ash content char a larger proportion of release
occurr in the combustion chamber. This has a significant impact on the formation
of active bed material, which is crucial for efficient char and catalytic hydrocarbon
conversion [153], as well as gas-phase tar reforming where alkali acts as a catalyst
in homogeneous reactions within the gasifier reactor. The importance of alkali has
also been emphasized by Furusjo et al. [154] in entrained flow gasifiers. They have
shown that adding 2—8% alkali catalyst to the gasification process can transform the
slag phase into an alkali carbonate melt, resulting in improved flexibility and up to
90% sulphur capture. This simplifies the process of gas purification required for
biofuel production.
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Chapter 6

Release of alkali during co-
gasification

Co-gasification is a method for efficiently converting fuels through thermal
conversion [155,156]. Synergistic effects in this process result from migration of
alkali from an alkali-rich fuel to an alkali-deficient fuel. Previous studies have often
used a single alkali-rich biomass to enhance coal gasification [29—31]. As discussed
in the previous chapter, wood and straw have distinct alkali release profiles during
char gasification. Thus, it is of interest to study the levels of alkali release when wood
and straw are mixed.

This chapter reports on research from co-gasification of wood and straw mixtures
in paper V.

6.1 Synergistic effects and alkali migration during
co-gasification

In order to evaluate the potential synergistic effects of combining wood and straw
in the mixtures, theoretical reactivity and alkali release rates were calculated using
Equation (3-4), which linearly combines results from pure wood and pure straw
cases. The experimental and calculated rates are shown in Figure 6.1. All forms of
interaction between the straw char and woody char during co-gasification is
neglected for the calculated rates.

Figure 6.1a indicates that the co-gasification process of the mixtures is faster
experimentally than the theoretically predicted outcomes, implying synergistic
effects in the conversion. To evaluate the synergistic effect at different conversion
stages, a synergy index (SI) was calculated (Equation 3-5) and used (Figure 6.1b).
Several factors can affect synergy, including the type of biochar, the blending ratio,
the gasification temperature and reactor, and the biochar pre-treatment methods
[156]. The results show that the mixing ratio WS75 (75% wood and 25% straw) has
the highest SI, suggesting that this ratio provides the strongest synergistic effect.
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Figure 6.1 Co-gasification of different mixed materials at 9goo °C: (a) time versus experimental and
calculated conversion ratio X; (b) synergy index (SI) as a function of X; (c) experimental and calculated
conversion rate r of the mixture and (e) alkali release rate as a function of X with mixing ratios of 9o:10
and 75:25; (d) conversion rate r of the mixture; (f) alkali release rate as a function of X with mixing ratios
of 50:50 and 25:75.

The conversion rate as a function of conversion X during co-gasification is shown in
Figure 6.1c and d for various blend ratios. The experimental conversion rates are
higher than the calculated rates for the same conversion across most of the
gasification stages. This is due to alkali migration from the straw surface to the wood
surface [30]. For all mixing ratios (Figure 6.1e and 6.1f), the experimental alkali
release is higher than the calculated amount when the conversion is lower than 90%,
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indicating that alkali has migrated from the straw to the wood. This migration most
likely occurs when alkali desorbed from straw to the gas phase between particles
adsorbs on the woody char surface, which has a large surface area and low alkali
content, or through the transfer of low-melting-point alkali melts in contact between
particles [157,158]. The implied alkali migration taking place in the mixtures is
further confirmed by SEM-EDS results, as described in Paper V. For mixtures with
a wood content of 90%, the alkali release in the final stage of pure wood gasification
disappears. This may be attributed to migration of Si, Al, and P that react with the
alkali to form catalytically inactive compounds [31,144,159—-161].

6.2 Effect of temperature during co-gasification

Figure 6.2 illustrates the experimental and calculated co-gasification of WSgo at
different temperatures. The largest SI'is observed at a temperature of 900 °C (Figure
6.2b), which is consistent with the result of co-gasification of biochar and coal
[162,163].
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conversion ratio X versus time; (b) synergy index variation for different conversion ratios; (¢) conversion
rate r versus X; (d) alkali release rate versus X.
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Ren et al. [162] found that the synergistic effect of coal char and food char blends
was highest at 850—900 °C and decreased at higher temperatures (9oo—1000 °C).
At a lower temperature (850 °C), it is more difficult for the AAEMs in straw char to
transfer uniformly to the wood char surface due to lower mobility [156], which limits
the catalytic effects.

At 950 °C the difference between experimental and calculated data became smaller
as the carbon conversion increased (Figure 6.2¢) and showed the lowest ST effect
(Figure 6.2b), indicating a decrease in the catalytic activity. There are three possible
explanations for this: 1) At high temperatures, the reaction rate is limited by the
transport of reactants to the reaction site rather than the reaction kinetics, leading
to a shift to diffusion-controlled behaviour [164]. 2) The reactions between alkali
species, SiO., and Al-O; are enhanced [32,165-167], and the gas phase alkali
adsorption capacity of wood char is decreased [168,169]. The decrease in adsorption
capacity reduces the overall catalytic effect of the system. 3) Calcium also rapidly
deactivates by sintering or agglomeration at the high gasification temperatures
[170]. All of these options reduce the active alkali content on the sample surface and
weaken the catalytic effect, making the overall rate enhancement marginal at 950 °C.
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Chapter 7

Conclusions

This thesis presents the findings of studies on the relationship between char
reactivity and the development of pore structure, as well as the effects of alkalis and
alkali release during char gasification. A reliable method was established to measure
alkali release and sample mass simultaneously during char thermal conversion by
integrating a surface ionization detector (SID) with a commercial
thermogravimetric analyser (TGA) for online alkali measurements. A laboratory-
scale reactor system was also used, consisting of diluters, a CO/CO- analyser, a scan
mobility particle sizer, an optical particle sizer, and a SID.

The impact of porous structure development and alkali on the steam gasification
reactivity of biochar was studied first. The findings indicated that gasification
temperature had a minimal impact on porous structure development, while the total
surface area of the char increased three-fold, and the total pore volume increased
between 2.0 to 5.3 times at all temperatures. The micropore generation is
proportional to the observed reactivity, particularly at conversions up to 70%. As the
conversion process progressed beyond 70%, the catalytic effects of potassium in the
char became more prominent.

The potassium-induced phenomena investigated for char samples with similar
structures but varying intrinsic potassium content revealed that all samples
exhibited a common critical potassium surface coverage (K/C ratio). At this point
the catalytic effects became dominant, regardless of temperature or initial
potassium content. The modified random pore model accurately described the later
stages of conversion by incorporating two additional parameters (c and p). The ¢
constant is related to the intrinsic potassium content and is temperature-
independent, while a clear correlation between potassium content and the p
parameter was observed with an underlying temperature dependence.

Using TGA-SID to measure real-time alkali release during CO- gasification of
different types of biochar showed significant differences between woody char and
straw char. Alkali release from woody char remained low and constant during most
of the process, then increased significantly at the final stage. This suggests that alkali
was enriched during the process prior to final release. By contrast, alkali release
from straw char decreased continuously during gasification, corresponding to
carbon conversion. High temperature and CO. concentration promoted char
gasification and increased alkali release.
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Alkali release during steam gasification of chars was studied in a fixed bed reactor.
A small char particle size (125 um) enhances alkali release at all conversion stages
and increases reactivity compared to larger char particles (235 um), particularly in
the early stage of the process. Industrial char and furniture waste char released
significant amounts of alkali when char conversion was near completion, similar to
the observation for CO. gasification. Alkali release from straw char decreased
throughout the gasification process. These findings are essential for predicting the
performance of industrial-scale gasifiers, particularly in the case of fixed bed
reactors.

Finally, the co-gasification of wood and straw showed an apparent synergistic effect
on fuel conversion and alkali release. Co-gasification of the two materials
significantly improved reactivity when the wood content was relatively high (75%)
at 900 °C. SEM-EDS analysis indicated that silicon from straw migrated to the wood
surface, reacting with alkali, and inhibiting char reactivity and alkali release during
the final stage (X > 90%) of gasification.

This thesis provides new insights into char structure development, alkali release,
and element migration during biochar gasification under CO: and steam conditions.
The findings have valuable implications for industrial processes, especially in
relation to alkali release during gasification and co-gasification of fuels. Further
study is required to assess the impact of other minerals, including alkaline earth
metals, to create a comprehensive kinetic model for char conversion and alkali
release during gasification. In addition, it would be useful to develop new techniques
for online alkali measurement, particularly to distinguish between potassium and
sodium. Additional analysis may also involve studying the active catalytic sites or
alkali structure using other methods such as CO:-chemisorption or X-ray
diffraction. Furthermore, future research should aim to compare the mechanisms
of CO: and steam char gasification.
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