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Koskela, Aki, Utilisation of lignin-based biocarbon in pyrometallurgical
applications. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 882, 2023
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract
Pyrometallurgical processes in the iron and steel industry are energy intensive. Therefore,
sustainability in terms of CO2 emissions is highly dependent on the choice of fuel. Large quantities
of carbon are used in pyrometallurgical processes, for example in slag foaming, iron oxide
reduction or as an alloying element. Currently, the majority of the used carbon originates from
fossil sources.

The most important properties that are generally required from carbonaceous materials in
pyrometallurgical applications are mechanical strength, sufficient apparent density and suitable
reactivity. The properties of industrially produced metallurgical coke works as a great reference
for evaluation of these properties, since metallurgical coke is used in multiple pyrometallurgical
applications in different forms: coke dust is used as a foaming agent and carburiser in the electric
arc furnace (EAF) process, and coke lumps are used as a reducing agent and structural bed material
in the blast furnace (BF) process and as a reducing agent in submerged arc furnace (SAF) process.

This thesis focuses on the utilisation of hydrolysis lignin as a raw material for the production
of biocarbon that could be utilised as a carbonaceous material in pyrometallurgical applications to
substitute fossil-based carbon. Based on the results of this thesis, it was discovered that the
structure of lignin-based biocarbon can be modified using the chosen treatment methods,
briquetting and high pyrolysis temperature. With these treatment methods, the important
properties (mechanical strength, apparent density and reactivity) were improved and modified,
with the compressive strength property of biocarbon even surpassing that of metallurgical coke.

Keywords: biocarbon, biocoke, biomass, carbonization, hydrolysis lignin, properties,
pyrolysis





Koskela, Aki, Ligniinipohjaisen biohiilen käyttö metallurgisissa sovelluksissa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 882, 2023
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Terästeollisuuden pyrometallurgiset prosessit ovat energiaintensiivisiä. Sen vuoksi terästeolli-
suuden ekologisuus CO2 päästöjen osalta on erittäin riippuvainen polttoainevalinnasta. Suuria
määriä hiiltä käytetään pyrometallurgisissa prosesseissa, esimerkiksi kuonan kuohutuksessa, rau-
dan oksidien pelkistyksessä tai seosaineena. Nykyään suurin osa käytetystä hiilestä on lähtöisin
fossiilisista lähteistä.

Pyrometallurgisissa prosesseissa käytettäviltä hiilimateriaaleilta vaadittuja tärkeimpiä omi-
naisuuksia ovat mekaaninen lujuus, riittävä näennäistiheys ja sopiva reaktiivisuus. Teollisesti
valmistetun metallurgisen koksin ominaisuudet sopivat hyvin näiden ominaisuuksien vertailu-
kohdaksi, sillä koksia käytetään useissa eri sovelluksissa eri muodoissa: koksipölyä käytetään
kuonan kuohutusaineena ja hiilen tuojana valokaariuuniprosessissa, palakoksia pelkistimenä ja
rakenteellisena petimateriaalina masuunissa sekä pelkistimenä uppokaariuunissa.

Tämä työ keskittyy hydrolyysiligniinin hyötykäyttöön raaka-aineena biohiilen ja biokoksin
valmistuksessa, joita voidaan käyttää hiilen tuojana pyrometallurgisissa sovelluksissa korvaa-
maan fossiilista lähteistä tuotettua hiiltä. Tämän työn tulosten perusteella hydrolyysiligniini-poh-
jaisen biohiilen rakennetta pystyttiin muokkaamaan valituilla käsittelymenetelmillä, briketoin-
nilla ja korkealla pyrolyysilämpötilalla. Näillä menetelmillä biohiilen tärkeitä ominaisuuksia
(mekaaninen lujuus, näennäistiheys ja reaktiivisuus) saatiin parannettua siten, että biohiilen
puristuslujuus oli jopa suurempi kuin metallurgisella koksilla.

Asiasanat: biohiili, biokoksi, biomassa, hiillestys, hydrolyysiligniini, ominaisuudet,
pyrolyysi
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Abbreviations 
ARR Apparent reaction rate 
ASTM American Society for Testing and Materials 
BET Brunauer-Emmet-Teller 
BF Blast furnace 
BOF Basic oxygen furnace 
CHP Combined heat and power 
CRI Coke reactivity index 
CSR Coke strength after reaction 
db. Dry basis 
ddpm Dial divisions per minute 
DFT Density functional theory 
EAF Electric arc furnace 
FSI Free swelling index 
GHG Greenhouse gas 
IMDC Inert maceral derived component 
IUPAC International Union of Pure and Applied Chemistry 
LOM Light optical microscopy 
MS Mass spectrometer 
NIST National Institute of Standards and Technology 
SSA Specific surface area 
TGA Thermogravimetric analysis 
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1 Introduction 
The iron and steel industry is undergoing a period of transition towards an era of 
direct reduction, where hydrogen will be used as a reducing agent of iron instead 
of carbonaceous materials, e.g. metallurgical coke. Meanwhile, the conventional 
blast furnace (BF) basic oxygen furnace (BOF) process route is considered to 
produce too many greenhouse gas (GHG) emissions, mainly carbon dioxide (CO2) 
(Patisson & Mirgaux, 2020; Spreitzer & Schenk, 2019; Vogl et al., 2018). However, 
the transition stage towards hydrogen-based steelmaking will still take years from 
now, and the BF-BOF steelmaking route will be dominant in the global steelmaking 
industry during this period. The partial replacement of fossil-based carbon in BF 
and other pyrometallurgical processes that require carbon would accelerate the 
transition towards fossil neutrality in the steelmaking industry.  

Despite the transition towards hydrogen-based iron and steelmaking, carbon 
will still play a role in various applications in this industry: as a foaming agent in 
the electric arc furnace (EAF), as a carburiser of the carbon steel grades from 
hydrogen reduced iron and as a fuel in sintering process, just to name few of these 
applications (Echterhof, 2021; Mousa et al., 2016; Robinson et al., 2020; 
Sakaranaho et al., 2018). These applications do not require such high standards for 
the properties of carbonaceous materials that are required from metallurgical coke 
in the BF process, but there are similarities in the requirements of all these 
applications. In general, suitable reactivity, sufficient strength and apparent density 
are required from the carbonaceous materials in pyrometallurgical processes. These 
are also the properties that are addressed to be the most important when considering 
the challenges in the utilisation of biocarbon as a carbon source in 
pyrometallurgical processes (Jeguirim & Limousy, 2019; Kumar & Gupta, 1997; 
Lu et al., 2012; Marcos et al., 2019). 

Lignin is the second abundant plant polymer after cellulose. The lignin content 
in coniferous wood species (softwood) is generally higher (26–34%, dry basis) than 
that of deciduous (hardwood) species (23–30%, dry basis) (Rowell et al., 2012). 
When considering the major components in woody biomass (cellulose, 
hemicellulose and lignin), lignin has the highest solid yield in the pyrolysis process, 
mainly due to the complex, branch-chained aromatic structure. The binding energy 
of the chemical bonds in lignin structure cover a wide range, thus the thermal 
degradation of lignin occurs in a wide temperature range (Yang et al., 2007). Its 
relatively high solid yield, aromatic carbon structure and adhesive nature (Mili et 
al., 2022) are the properties that make lignin a desirable raw material for biocarbon 
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production through thermochemical processing, i.e. pyrolysis for metallurgical 
applications to substitute for fossil-based carbonaceous materials. 

1.1 Outline and objective of the study 

The primary objective of this study was to develop a hydrolysis lignin-based 
biocarbon-containing product that could be utilised in pyrometallurgical processes. 
The sub-objectives were to provide vital information about the behaviour of the 
raw material lignin in pyrolysis and the main properties (gasification reactivity and 
compressive strength) of the chosen biocarbons. Also, information about how the 
selected pre-treatment methods affected the main properties and structure were in 
the scope of this study. The pre-treatment methods were chosen based on the 
desired properties of the biomaterial-containing carbon products. However, the 
motivation was to keep the pre-treatment methods simple, so that their 
implementation would be easy. The research within this thesis can be divided into 
two different branches: Publications I and III investigate the usage of hydrolysis 
lignin and hydrolysis lignin-based biocarbon as part of a coking blend in biocoke 
production. Publications II and IV represent the other branch, in which the focus is 
on the utilisation of hydrolysis lignin-based biocarbons as an individual substitution 
for fossil-based carbon in pyrometallurgical processes. The objectives of the two 
branches of the research work in this thesis are as follows: 

Utilisation of lignin and lignin-based biocarbons as a part of a coking blend in 
biocoke production: 

– To find out the effect of the pyrolysis of hydrolysis lignin on its behaviour 
during the coking process. 

– The addition of non-pyrolysed and pyrolysed lignin into a coking blend and 
the effect on the properties of produced biocoke. 

– The changes in the reactivity, compressive strength, and porous structure of 
coke as a function of addition of non-pyrolysed and pyrolysed hydrolysis lignin.  

–  To evaluate the interaction of coal-hydrolysis lignin and coal hydrolysis 
lignin-based biocarbon blends during co-carbonisation, and the effect of the 
pyrolysis temperature of biocarbon on the interaction. 

– The physical (dilatation-shrinking behaviour) and chemical (amount of volatile 
release and gaseous compounds) interaction of biocarbon with the surrounding 
material matrix during the coking process.  
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Biocarbon as an individual carbon source to substitute fossil-based carbon in the 
pyrometallurgical processes: 

1. To evaluate suitable hydrolysis lignin pre-treatment methods to improve the 
properties of biocarbon for utilisation in pyrometallurgical processes. 

2. To evaluate the impact of the chosen pre-treatment methods, grinding, 
briquetting and high pyrolysis temperature on the cold compressive strength, 
gasification reactivity and structure of the biocarbons.  

3. To investigate the effect of gasification on hydrolysis lignin-based biocarbons: 
structural changes, development of gasification reaction rate and evolution of 
compressive strength at different stages of gasification. 

The main objectives and the contribution of each publication is presented in Fig. 1. 
The main objectives of the publications are focused on the co-carbonisation of 
hydrolysis lignin-based biocarbon and coking coal, the structural changes of the 
produced carbonaceous materials, and their pyrometallurgical properties i.e. 
mechanical strength and reactivity. 
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Fig. 1. General idea of the original publications and the thesis. 

The two branches of the research in this thesis and the contribution of each 
publication on the objective of this study is presented in Fig. 2.  
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Fig. 2. The two branches of the study. 

The reference material in the experiments was either industrially produced 
metallurgical nut coke or laboratory-made coke that is produced from good quality 
coking coal. Each experiment was also repeated with the reference material so that 
the properties of the hydrolysis lignin-based biocarbon products could be 
sufficiently evaluated. Besides the coking coal and metallurgical coke, graphite was 
also used as a reference additive in the coke-making. This was done for evaluation 
of the inert behaviour of hydrolysis lignin-based biocarbon as a partial replacement 
of coking coal in the coke making process.  
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2 Metallurgical coke 
Carbon is required in various pyrometallurgical applications and for different 
purposes. The requirements for the properties of the carbonaceous materials are set 
not only by the application itself, but also by the storing and transportation. 
Furthermore, the requirements in a specific application are set by the function of 
the carbon material, the configuration of the application, i.e. how the carbon 
material is fed into the process, and what the process conditions are. However, 
similarities between these requirements exist, with high mechanical strength, 
suitable reactivity and sufficient apparent density being the most important 
properties from the carbonaceous materials. In this study, the evaluation of the 
properties of biocoke and biocarbon has been performed by using metallurgical 
coke as a reference, thus the most significant properties of metallurgical coke are 
under investigation.  

2.1 Properties of coal 

Coal is a complex sedimentary rock that is composed of plant residues that originate 
from a swampy depositional environment to form peat and has further gone through 
metamorphism to form higher rank coal. The coal rank further indicates the degree 
of metamorphism of each carbonaceous material (Geerdes et al., 2015; Ward & 
Suárez-Ruiz, 2008). The simplified illustration of the degree of metamorphism, 
according to the American Society for Testing and Materials (ASTM), is presented 
in Fig. 3 (Flores, 2014; Schweinfurth, 2009). The ASTM coal rank classification is 
based on multiple parameters, including heating value, volatile matter, moisture, 
ash and fixed carbon. Besides the coal rank, there are also two other parameters for 
defining the properties of coal: coal type and coal grade (Suárez-Ruiz & Ward, 2008; 
Ward & Suárez-Ruiz, 2008).  

The peat originates from mixtures of different types of plant components 
(wood, leaves, algae, etc.), fragments or other materials derived from those 
components. These organic materials are referred to as macerals and they are the 
constituents that coal is microscopically composed of. The mixture of macerals 
reflects the variations in the coal type (Suárez-Ruiz & Ward, 2008; Ward & Suárez-
Ruiz, 2008). 

Coal grade indicates the level of contamination of plant debris by inorganic 
material before and after burial and during coalification. Coal grade is an 
independent indicator of the properties of coal; thus, it is not affected by the rank 
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or type of coal. A high-grade coal has a low mineral matter content, while the 
mineral matter content of low-grade coal is high (Suárez-Ruiz & Ward, 2008; Ward 
& Suárez-Ruiz, 2008).  

 

Fig. 3. Coal rank. 

2.2 Coking coal 

Coking coals, or metallurgical coals, are classified, based on coal rank, i.e. degree 
of metamorphism, into high-, medium- and low-volatile coking coals 
(Schweinfurth, 2009). When considering coal rank, the coking coals are in the 
bituminous coals and anthracite categories. However, prime coking coals are more 
expensive and less available than other coals (Kandiyoti et al., 2017). Also, 
individual coals typically lack all the necessary properties for good quality coke 
formation in the coking process (Kandiyoti et al., 2017). Therefore, cokes are 
produced from coal blends that consist not only of prime coking coals but also other 
coals from a wide rank range. Typically, coking blends are formed from three to 
seven different coals. The coking blends are formed in a way where the lack of a 
certain property of one coal fraction is compensated by the properties of other coal 
fractions. The different properties of coking coals can be classified into physical 
properties, chemical properties, coking properties and stability of the quality 
(Geerdes et al., 2015; Suarez-Ruiz et al., 2018; Yang et al., 2014)  
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2.2.1 Physical properties of coking coal 

Density, grain size, petrography, ash, volatiles and moisture are the most important 
physical properties of coking coal (Yang et al., 2014). Coal petrography is a 
technique used to define the degree of carbonisation of coal and the coal maceral 
composition. Macerals can be divided into three different groups: vitrinite, exinite 
and inertinite. Macerals originate from different sources; thus, the maceral groups 
have some characteristic differences. Vitrinite originates from lignocellulosic 
tissues that have lost their cellular vegetable structure through gelification caused 
by bacterial activity (Loison et al., 1989a). In low-rank coals, the materials of 
similar origin to vitrinite are called huminite. In general, huminite macerals are 
regarded as low-rank precursors of the vitrinite group components (Ward, 2003). 
Liptinite is derived from organisms and organs that are relatively poor in oxygen. 
Inertinite is considered to be an inert or unreactive component during the coking 
process. Macerals in the inertinite group show negligible fluidity during coking, 
although the degree of thermal stability varies between different inertinite 
components (Patrick, 1974). Inertinite originates from residues of wood 
components that are either partly burnt or have undergone a lengthy aerobic 
oxidation before burial. However, the cellular structure corresponding to plant 
vessels can be identified from inertinites.  

The density of coking coals depends on the maceral composition. Liptinite is 
the lightest maceral group, the density typically being between 1.1 and 1.25. The 
density of vitrinite increases with the coal rank from 1.2 to 1.7, while the macerals 
in the inertinite group are the densest, with a typical density varying between 1.4 
and 2.0 (Loison et al., 1989a). 

The particle size of coal affects the quality of coke in many ways. In the coal 
blends the coal particle size should be suitable and constantly monitored because 
too small a particle size decreases the resolidification temperature, thus propagating 
the fissure formation on the structure of coke (Loison et al., 1989c). On the other 
hand, large inert maceral-derived components (IMDC) may cause local weak points 
in the structure of coke (Andriopoulos et al., 2003). The fine crushing of high-
volatile coking coal and inertinite has also been found to have a decreasing impact 
on coking pressure and the strength of produced coke (Konno et al., 2020).   

The optimisation of moisture content of coking coal has multiple positive 
impacts on the coke formation and coking process itself. The optimum moisture 
content of coking coal is approximately 6–10 wt.% (Kato & Seiji, 2009; Krebs et 
al., 1996; Nomura et al., 2004). Higher moisture content leads to higher energy 
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consumption, thus lower energy efficiency in the coking process (Yan et al., 2020). 
Low moisture content also increases the coal bulk density in the coke oven, 
improving the proximity of the coal particles, thus improving the mechanical 
strength of produced coke. The increased bulk density also increases the coking 
pressure, which should be adjusted and controlled by optimising the coal blending 
ratios (Nomura et al., 2004). The formation of carbon deposits on oven walls has 
also found to decrease, as the moisture content was elevated up to 8 wt.%. When 
the moisture content was further increased above 8 wt.% the carbon deposition rate 
increased sharply (Krebs et al., 1996). 

The macerals composition of coal determines the amount and composition of 
released volatiles from coal, thus the development of coal fluidity during the coking 
process. The volatile release from liptinites is the highest, but the proportion of 
them in good quality coking coals is generally low. Vitrinite, on the other hand, is 
usually the most abundant maceral group, particularly in coals from the Northern 
Hemisphere. Therefore, vitrinite is the maceral group that has the biggest effect on 
the coking properties of coals. Vitrinite surrounds other macerals and minerals in 
coal, forming a matrix that has a tendency to swell, agglomerate and fuse during 
carbonisation. 

2.2.2 Chemical properties of coking coal 

The chemistry of coking coal affects the quality of produced coke. Coking coal 
chemistry is related to the maceral composition and the mineral constituents in coal. 
The mineral matter in coal can be classified into two different categories based on 
the origin. Inherent mineral matter originates from the vegetables from which the 
coal is formed. The content of inherent mineral in coal is usually less than 1% and 
it is chemically bound to the organic matter of coal. Adventitious mineral matter 
originates from multiple sources. They are the minerals that are deposited at the 
same time as the plant debris and show as inclusions crossing the empty spaces in 
coal structure (Loison et al., 1989a).  

Sulphur can occur either as organic groups bound to the hydrocarbon material 
or as mineral compounds. Approximately 50–60% of the sulphur remains in the 
produced coke while the rest of the sulphur become devolatilised from the coal 
during the coking process. However, usually the sulphur content of cokes remain 
low, the sulphur content varying from 0.6–1.5% in cokes made in Europe and the 
US (Loison et al., 1989a, 1989b). In iron and steelmaking, in the BF process, whole 
sulphur will be released at around 1050 °C, but sulphur-bearing compounds such 
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as calcium sulphide (CaS) and barium sulphide (BaS) will survive BF conditions 
as solid phases and can later occur as sulphur-bearing inclusions in steels 
(Gornostayev et al., 2018; Jones et al., 2008; Wang et al., 2002).   

The phosphorus mainly occurs as crystalline mineral particles in coal, but 
traces of phosphorus can also be associated with organic components as small 
particles only a few micrometres in diameter. The phosphorus mainly originates 
from the phospho-proteins in the plant debris, but volcanic debris, shells or faecal 
matter may also act as phosphorus sources of coals. Practically all the phosphorus 
of coking coals remains in the produced coke. Phosphorus content is generally low 
in coking coals, the global average being approximately 0.05% (500 ppm). 
However, high phosphorus content of coke is problematic in iron and steelmaking 
because in the BF process, for example, the phosphorus is transferred from coke to 
iron and thence to the resulting steel (Mahony et al., 1981; Ward et al., 1996). 

The alkali content of coal, particularly potassium (K) and sodium (Na), have a 
significant impact on the mechanical strength and gasification reactivity of the 
produced coke. This is suggested to occur via intercalation of the alkali vapours 
with micro graphite crystals, thus causing expansion of the coke carbon matrix and 
subsequently causing the formation of cracks (Li et al., 2014, 2015). This so-called 
“peeling effect” has been found to correlate with the K content in alkalised cokes 
(Li et al., 2015). Moreover, earlier findings show that Na does not readily 
intercalate into graphite, which means that in terms of coke-alkali interaction, the 
focus should be on the intercalation of K-bearing minerals into the coke matrix 
(Dresselhaus & Dresselhaus, 2002). According to (Gornostayev et al., 2016), the 
concentrations of mineral-related K compounds are not sufficient to cause 
noticeable reactions in the coke matrix during the coking process or in the upper 
parts of BF, but above 1100 °C, mineral-related K vapours will be available in 
noticeable amounts in the system. 

2.2.3 Coking properties 

The coking properties of coal are namely plasticity, shrinking and swelling. These 
properties illustrate the coking ability of coals or coal blends and are related to the 
properties of produced coke. The coking properties are evaluated individually 
based on the results of thee established testing methods of each coking property.  

Plasticity illustrates the coal’s ability to soften and become plastic when heated, 
and in the end of the plastic phase, re-solidify into a coke. This is the nature of the 
melting and bonding behaviour of the coal in coking. Coal or coal-blend plasticity 
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is an indication of the softening, gas liberation, chemical reactions and re-
solidification behaviour of coals in the coking process. The fluidity of the coal or 
coal blend in the plastic stage is a major factor in the determination of the coal 
plastic properties, thus it is widely used in evaluation of the proportions of each 
coal type in the blend.  

Fluidity is part of the thermoplastic properties of coal, but is explained here in 
a separate section since its important role in the formation of coke from a blend of 
carbonaceous materials. The fluidity of coal is measured with a plastometer, which 
produces information about coal fluidity in a plastic phase, maximum fluidity and 
temperatures of initial softening, maximum fluidity and re-solidification. The 
development of maximum fluidity and the temperature range of the coal plastic 
stage is important for the formation of the organised, mechanically strong structure 
of coke. 

Shrinking and swelling (contraction and dilatation) are measured with a 
dilatometer in which finely crushed coal is compressed into a pencil and then 
slowly heated up. As the coal passes the softening temperature, the pencil initially 
starts to contract (the pencil gets shorter), and then expands (the pencil gets longer) 
as the temperature is further elevated. The results consist of maximum dilatation 
and maximum contraction, which are given as a percentage of the initial pencil size. 
The other results from the test are the temperatures of softening, maximum 
contraction and maximum dilatation.  

Coal swelling is also evaluated with the free swelling index (FSI), which is a 
threshold test and does not produce information about the contraction or dilatation 
behaviour of coal in the coal plastic stage. In the test, one gram of coal is heated to 
800 °C and then the height and shape of coke lump is compared with the standard 
chart of different shapes and sizes of coke lumps. The sizes and shapes in the chart 
are rated and the rating prescribes whether the sample is hard coking coal, medium 
coking coal or weak coking coal.   

2.2.4 Stability of the quality  

Over the years, the consumption of metallurgical coke has reduced, especially in 
the BF process. The reduction of metallurgical coke consumption has not only set 
high quality standards for coke, but stability of the coke quality is also important 
(Lyalyuk et al., 2012).  

Coke quality can be tested using different methods. Drum tests are a widely 
used technique to evaluate coke strength. Four different parameters, Irsid index 10 
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(I10), Irsid index 20(I20), Micum index 10 (M10) and Micum index 40 (M40) are 
obtained from different room temperature drum test techniques. These techniques 
are based on the standardised drum test methods (ISO 556:2020) (Li et al., 2014). 
In the 1970s new methods were introduced to measure coke reactivity (coke 
reactivity index, CRI) and coke strength after reaction (CSR). These testing 
methods have since been adopted as ASTM standard testing methods for evaluation 
of coke reactivity. CRI indicates the percentual weight loss of coke after reaction 
in CO2 atmosphere at 1100 °C for 2h. CSR is measured after the CRI test. The 
sample is tumbled in an I-drum for 600 revolutions at 20 rpm and the cumulative 
percentage of +9.5 mm coke is denoted as CSR. In short, low CRI and high CSR 
are the measures of good quality coke, whereas high CRI and low CSR refer to low 
quality coke (Li et al., 2014). Besides the quality standards of metallurgical coke 
that are mentioned here, other standardised methods, such as in-house methods of 
different industrial operators and research organisations, also exist for the 
evaluation of coke quality. 

The stability of coke can refer to two different things: either mechanical 
stability, which is based on the ASTM tumbler test (ASTM D3402/D3402M-16), 
or the uniformity coefficient, which is recommended by the Eastern Coal-
Chemistry Institute (Lyalyuk et al., 2012; Mahoney et al., 2005). The uniformity 
coefficient K is the total number of determinations (n) minus the number of 
determinations with deviations exceeding the corresponding limits for each 
characteristic (n1) and the difference divided by the total number of determinations. 
Earlier it has been found that the fluctuations in coke properties are in relation to 
the fluctuations in coal characteristics (Lyalyuk et al., 2012). 

2.3 Coke quality 

Considering the quality of metallurgical coke, the characteristics of the individual 
raw material fraction can be crucial because it can modify the characteristics of the 
whole raw material blend. This is also the case when biomass is added to the coking 
blend. The research findings so far suggest that the addition of different biomass-
originating fractions to the coking blend inhibit the fluidity development of the coal, 
thus affecting the bonding of coal particles, and the anisotropic texture and porosity 
of coke. This further leads to modifications of coke mechanical strength and 
reactivity to CO2 in high temperature processes (Diez et al., 2012). However, 
different ways to overcome the inhibitive effect of biomass on coal fluidity 
development have been suggested. The thermochemical treatment of biomass 
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(torrefaction or pyrolysis), particle size variations, agglomeration of the biomass 
and variation of heating rate during the coal plastic phase have been suggested and 
found to have a positive effect on the produced coke (Kokonya et al., 2013).  

2.4 Bio-based material as part of a coking blend 

The addition of bio-based material to the coking blend has been recognised as a 
considerable possibility to mitigate fossil-based CO2 emissions in the iron and steel 
industry (Suopajärvi et al., 2017). The utilisation of biomass, such as wood, in a 
coking blend is part of a short-term carbon cycle. In this cycle the produced CO2 
creates a carbon debt, which will be covered within a period of time by the CO2 
capture from new growing trees (Manousiouthakis & Choi, 2021). On the other 
hand, the use of fossil-based fuels interrupts the long-term carbon cycle by 
fastening it; i.e. the total carbon in the active cycle (short-term cycle) is increased.  
In the utilisation of biomass in a coking blend, the properties of the blend should 
not be harmed in a way that the produced coke does not fulfil the requirements that 
are set to it. In addition, coal and biomass should have chemical and physical 
interaction during the coking process in order to achieve a uniform coke structure 
such that the biomaterial particles do not appear as inclusions in the structure of 
coke. This being said, the species of biomass, and more specifically the released 
oxygen-bearing compounds from biomass will affect the coal fluidity development 
during the coking process. The magnitude of this effect is dependent on the oxygen 
functionality in the released compounds (Diez et al., 2012). Carbonisation of the 
biomass before mixing it with the coking blend has previously been found to 
decrease the coal fluidity inhibition effect (Diez et al., 2012) and the detrimental 
effect on coke properties, such as gasification reactivity and compression strength 
(Suopajärvi et al., 2017).           
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3 Lignin 
Lignin is the second abundant plant polymer after cellulose. The lignin content in 
coniferous wood species (softwood) is generally higher (26–34%, dry basis) than 
that of deciduous (hardwood) species (23–30%, dry basis) (Rowell et al., 2012). 
Lignin is an adhering material that acts as a glue, binding cellulose and 
hemicellulose components together in the plant cell walls. Lignin adds strength and 
rigidity to plant stems for vertical growth, controls the fluid flow, and protects the 
plants against biochemical stresses by inhibiting enzymatic degradation of other 
plant components (Bergna et al., 2022; Khan et al., 2019; Mandlekar et al., 2018).  

Industrially extracted lignin fractions are named based on the extraction 
method. The extracted lignins are classified as modified lignin or technical lignin 
(Chio et al., 2019). The most common technical lignins are Kraft lignin, hydrolysis 
lignin, soda lignin, lignosulfonate and organosolv lignin. New processes for lignin 
extraction from lignocellulosic biomass are also under development, like steam 
explosion and ammonia fibre expansion (Bergna et al., 2022; Berlin & Balakshin, 
2014; Chakar & Ragauskas, 2004; De Carvalho & Colodette, 2017; Negi & Pandey, 
2015). On a global scale, approximately 100 million tonnes of technical lignin are 
produced annually. The majority of the technical lignin is produced at pulp and 
paper facilities worldwide. However, it is estimated that the production of lignin as 
a by-product of biofuel production will significantly increase during the coming 
years. Currently, lignin side-streams are mainly considered as low-value waste and 
approximately 98% of the technical lignin is utilised as raw material in power and 
heat generation, while only 2% is used in the production of value-added products 
(Chio et al., 2019).  

3.1  Hydrolysis lignin 

Cellulosic ethanol plants represent the second generation of bioethanol production, 
whereas first-generation bioethanol production is based primarily on the 
fermentation of starch-based sugar. The main issue in the first-generation 
bioethanol production is that the raw material, starchy crops, e.g. corn, wheat, 
sugarcane juice and sugar beet, competes with food and land and it necessitates 
critical soil, water and nutrient conditions (Raj et al., 2022). Cellulosic ethanol 
represents the product of second-generation bioethanol production and is 
chemically identical to first-generation bioethanol. However, in contrast to the 
feedstock of first-generation bioethanol production, lignocellulosic biomass is 
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utilised in second-generation bioethanol production. The lignocellulosic biomass 
needs to be broken down (hydrolysed) into simpler sugars (Kemppainen et al., 2012; 
Mahmood et al., 2016). Currently, most of the cellulosic ethanol plants are 
demonstration plants, but also commercial plants exist. However, the majority of 
the commercial facilities are currently on hold, idle or inactive due to the technical 
and techno-economic challenges. One way to tackle the economic issues would be 
the commercialisation of the lignin by-product by generating value-added products 
out of it rather than using the lignin as a raw material in heat and power generation 
(Raj et al., 2022).      

The term hydrolysis lignin refers to solid residue that is obtained as a by-
product after hemicellulose extraction, acid or enzymatic hydrolysis of 
lignocellulosic biomass and subsequent sugar/lignin separation (Zevallos Torres et 
al., 2020). Compared to Kraft lignin, for example, hydrolysis lignin is sulphur-free 
and suffers only a little degradation, thus the structure resembles native lignin 
(Mahmood et al., 2016).  

3.2 Lignin structure 

Lignin is an aromatic polymer derived from a number of precursor monomers but 
mainly of three monolignols: p-coumaryl alcohol, coniferyl alcohol and sinapyl 
alcohol. These monolignols differ in their degree of methoxylation. When 
incorporated into the lignin polymer, these monolignols produce p-hydroxyphenyl, 
guiacyl and syringyl phenylpropanoid units. The amount of different 
phenylpropanoid units in lignins differ between plant species, with softwood lignin 
being mainly composed of guiacyl and p-hydroxyphenyl (Boerjan et al., 2003). 
Softwood lignin has a complex, branched and cross-linked structure where 
approximately half of the cross-linkages involve aromatic rings, but also a 
significant number of linkages are located in the side chains (Balakshin et al., 2020). 
The activity of the chemical bonds of lignin cover a wide range, thus the thermal 
degradation of lignin occurs in a wide temperature range (100–900 °C) (Yang et al., 
2007).  

3.3 Pyrolysis of lignin 

The different stages of lignin pyrolysis can be considered from different 
perspectives based on thermogravimetric analysis (TGA), pyrolysis mechanisms 
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and structural changes. These perspectives are highly linked to each other and are 
dependent on the pyrolysis conditions.  

Usually, the pyrolysis of lignin is described as a three-stage process (Collard 
& Blin, 2014; Li et al., 2020; Yu et al., 2021), but from the TGA point of view lignin 
pyrolysis can also be perceived as a two-stage process (Cao et al., 2013a; Hu et al., 
2013; Huang et al., 2012; Liu et al., 2008). However, in (Cao et al., 2013a) and (Liu 
et al., 2008) the evaporation of water (drying) is considered as one of the pyrolysis 
stages, resulting in a total of three pyrolysis stages when combined with the two 
stages of actual pyrolysis. The structural rearrangement stage is also found for 
lignin in temperatures above 900 °C with a slight but observable mass loss (Cao et 
al., 2013a). In general, the two pyrolysis stages can be divided into primary 
pyrolysis stage and secondary pyrolysis stage, or the pyrolysis stage and 
carbonisation stage, depending on the author (Cao et al., 2013a; Evans & Milne, 
1987; Kawamoto, 2017; Liu et al., 2008). 

Based on the mechanisms, the pyrolysis of lignin can be divided into three 
different stages: 1) early stage of decomposition (< 375 °C); 2) extensive 
decomposition stage (375-450 °C) 2) char formation stage (> 450 °C) (Yu et al., 
2021). In general, the pyrolysis conversion is considered as a superposition of three 
primary mechanisms: char formation, depolymerisation and fragmentation, and of 
secondary mechanism (Collard & Blin, 2014; Eom et al., 2012; Patwardhan et al., 
2011; Van de Velden et al., 2010). The lignin degradation has been reported to occur 
in a wide temperature range (100–900 °C) (Yang et al., 2007); however, the main 
conversion step is in the range of 200 to 450 °C, with the highest decomposition 
rate usually in the range of 360–400 °C (Collard & Blin, 2014). The main 
decomposition stage of lignin is followed by char formation, which consists of the 
rearrangement of the aromatic compounds forming polycyclic aromatic structures, 
thus forming the skeleton of the char. This is the stage where most of the primary 
volatile compounds are released due to the instability of the propyl chains, some 
linkages between the monomer units, and methoxy substituents of the aromatic 
rings. The fragmentation of methoxy groups and breakage of the bonds between 
the monomers, however, mainly occur above 400 °C, whereas the conversion of 
the alkyl chains mainly occurs below 400 °C. The volatile compounds released in 
the decomposition stage, and due to the rearrangement reactions, are mainly low 
molecular weight and incondensable gases (Cao et al., 2013a; Collard & Blin, 2014; 
Liu et al., 2008).  

From the perspective of biocarbon formation, lignin is a good raw material 
because of its aromatic structure. In general, the term biocarbon indicates a solid 
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residue with an aromatic polycyclic structure that is formed in a biomass 
conversion (Collard & Blin, 2014; McGrath et al., 2003; Pastorova et al., 1994). 
The biomass conversion process includes an intra- and intermolecular 
rearrangement reaction that leads to higher degree of structural reticulation, thus a 
higher degree of thermal stability of the biocarbon. The aromatic structures are 
already present in the lignin structure, thus the conversion process is simpler than 
in the case of polysaccharides (cellulose and hemicellulose) (Collard & Blin, 2014).   

Lignin undergoes a lot of structural changes during pyrolysis, especially when 
the final pyrolysis temperature is high. One way to determine the level of 
carbonisation of lignin could be the determination of the fused aromatic rings 
within the lignin structure. Based on the C/H ratio at different stages of 
carbonisation of lignin, the lignin structure is close to naphthalene at 200 °C (two 
fused aromatic rings), similar to anthracene (three rings) at 300 °C, similar to 
pyrene (four rings) at 350 °C, and having 20 fused benzene rings at 550 °C. The 
growth of a fused ring structure and the degree of reticulation continues as the 
pyrolysis temperature is further elevated (Zhang et al., 2020). When the pyrolysis 
temperature is further elevated to 1200 °C, graphite-like substructures can be found 
from the structure of lignin (Haensel et al., 2009). This is in line with findings of 
(Otani et al., 1984), who studied the evolution of lignin structure at high 
temperatures. They detected a formation of small graphitic lamellae from the 
polymeric chains near 1000 °C, thus inducing a rapid change in electric 
conductivity from values typical of insulators to values of semiconductors. This is 
accompanied by the densification of the carbon matrix. When the pyrolysis 
temperature is further elevated, the carbon matrix evolves from amorphous carbon 
to a turbostratic structure, which is a graphite-like structure with a higher degree of 
disorientation. Meanwhile, the micropores grow but the pore number remains 
constant (Otani et al., 1984). Based on earlier findings, the different stages of the 
structural evolution of lignin in the pyrolysis process could be determined as 
follows: 1) bond-breaking and recombination stage, 2) the aromatisation stage and 
3) the graphitisation stage (Haensel et al., 2009; Hu et al., 2013; Otani et al., 1984; 
Zhang et al., 2020; Zheng et al., 2022). The graphitisation stage covers the widest 
temperature range as the evolution of a graphite-like structure has been reported to 
continue up to 2400 °C (Otani et al., 1984). 
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4 Materials and methods 
The research work of this thesis was divided into two different branches, one of 
which is related to the hydrolysis lignin-based material addition to the coking blend 
in metallurgical coke production, and the other that deals with the properties of 
hydrolysis lignin-based biocarbon products. The research work from both branches 
started with the characterisations of the raw materials, continued with the 
characterisations of the products, and finally proceeded to a definition of the 
properties that are relevant from the pyrometallurgical perspective, i.e. the 
definition of the reactivity and mechanical strength of biocoke and biocarbon. 

4.1 The effect of hydrolysis lignin addition on the formation and 
properties of biocoke 

Biocoke-related research is contributed to by publications I and III of this thesis. 
The effect of powdered (non-pyrolysed and pyrolysed) lignin on the properties of 
produced coke was investigated in Publication I and the interactions between 
coking coal and briquetted (non-pyrolysed and pyrolysed) lignin were the subject 
of research in Publication III.  

Overall, the research activities of Publications I and III are listed in Table 1. 
The pathways of the research activities of the publications are similar, but the 
activities themselves differ from each other because of their different objectives. 
The more detailed introduction about research activities can be found from sections 
4.1.1 in Publication I and 4.1.2 in Publication II. The raw materials for both 
publications were the same. The coking coal was received in non-ground form, and 
at approximately 9 wt.% moisture. Hydrolysis lignin was highly moist as received, 
the moisture content being approximately 50%. The hydrolysis lignin was dried to 
5.3 wt.% moisture for preventing mould formation. Also, the treatments for 
hydrolysis lignin, e.g. grinding, is easier when the material is relatively dry.     
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Table 1. Research activities and analyses of Publications I and III. 

Activity / Analysis Publication I Publication III 

Grinding x x 

Chemical analysis x x 

Coking properties of coal x x 

Briquetting  
 

x 

Pyrolysis temperatures [°C] 350 450; 600; 1200 

Raw material blending  x x 

Coking x x 

Thermogravimetric analysis x x 

Mass spectrometry 
 

x 

Coke reactivity x 
 

Coke kompressioon strength x 
 

Optical microscopy x x 

Image analysis x 
 

Optical dilatometry 
 

x 

4.1.1 Coke preparation 

The raw materials, hydrolysis lignin and coking coal, were ground and sieved 
before co-carbonisation (coking). The size range of non-pyrolysed and pyrolysed 
hydrolysis lignin was 125–250 µm, which has earlier been found to be suitable for 
charcoal when utilised in coke-making as part of a coking blend (Suopajärvi et al., 
2017). Some 30% of the coking coal was ground and sieved to a < 0.5 mm size 
fraction and 70% to a 0.5–1.0 mm size fraction. Larger fractions were excluded 
because of the limited size of the laboratory-scale mini coke ovens. The heating 
rate in the pyrolysis of hydrolysis lignin was 5 °C/min, while the final temperature 
was 350 °C and the holding time was 8 h. The pyrolysed hydrolysis lignin was 
expected to have inert characteristics in the coal plastic phase. Therefore, also 
graphite powder was used as an additive in the coking blend to act as a reference 
inert material. The amounts of the additives in the blends were 5, 10 and 15 mass 
percentages in the coking blend. The amount of non-pyrolysed lignin was adjusted 
so that the bulk density would correspond to the blend of pyrolysed lignin and 
coking coal at a temperature of 350 °C, i.e. the higher volatile release of non-
pyrolysed lignin in comparison to pyrolysed lignin was taken into account when 
adjusting the blends. 
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Table 2. Studied coking blends (Modified under CC BY 4.0 license from Publication I @2019 

Authors).  

Replacing 

Agent 

Amount of 

Replacement 

[m.%] 

Coal 
Lignin 

[g] 

Pyrolysed 

Lignin [g] 

Graphite 

Powder 

Targeted Bulk 

Density [kg/m3] 
0.5–1.0 

mm [g] 

<0.5 

mm [g] 

None 0 9.1 3.9 0 0 0 751.62 

Lignin 5 9.1 3.25 1.11 0 0 778.5 

Lignin 10 9.1 2.6 2.23 0 0 805.38 

Lignin 15 9.1 1.95 3.34 0 0 832.26 

Pyrolysed 

lignin 
5 9.1 3.25 0 0.65 0 751.62 

Pyrolysed 

lignin 
10 9.1 2.6 0 1.3 0 751.62 

Pyrolysed 

lignin 
15 9.1 1.95 0 1.95 0 751.62 

Graphite 5 9.1 3.25 0 0 0.65 751.62 

Graphite 10 9.1 2.6 0 0 1.3 751.62 

Graphite 15 9.1 1.95 0 0 1.95 751.62 

The volatile release from the raw materials was analysed with TGA. The analysis 
was executed by simulating the coking conditions that were used in this research 
work, i.e. the heating rate (2.5 °C/min) and inert gas (nitrogen) were the same as in 
the coking experiments. The N2 flow rate was 60 ml/min. The release of volatile 
matter helps to evaluate the interaction between the raw materials during the coking 
process. The effect of hydrolysis lignin on the properties of produced coke can 
therefore be evaluated. 

The properties and quality of produced cokes were evaluated with high 
temperature reactivity tests and compression strength tests. The gasification 
reactivity tests were made in a gas atmosphere that is presented in Table 3. This gas 
atmosphere has been reported earlier in (Haapakangas et al., 2016) as “low-
hydrogen shaft gas”. Both, dynamic and isothermal reactivity tests were conducted 
within this research. The isothermal reactivity tests were conducted at 1100 °C 
while the initial temperature in dynamic tests was 800 °C and the temperature was 
elevated to 1100 °C with a heating rate of 2 °C/min. The gas composition was kept 
static during the reactivity experiments.    
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Table 3. Gas composition in the reactivity tests  (Modified under CC BY 4.0 license from 

Publication I @2019 Authors). 

Gas Species Share [vol.%] 

N2 50 

CO 27.9 

CO2 17.1 

H2 2.1 

H2O 2.9 

The cold strength of cokes was tested with compression strength tests that were 
conducted with a Gleeble 3800 thermomechanical simulator (Dynamic Systems 
Inc., New York, NY, USA). The force of the compression was elevated at a rate of 
100 N/s, so that the time of compression was approximately 30 seconds at the point 
of fracture from the beginning of the compression.  

The surface structures of the samples were studied using an Olympus BX51 
(Olympus, Tokyo, Japan) optical microscope equipped with a polarising lens. The 
polarising lens was adjusted to different angles in order to observe the additive 
particles from the structure of the coke. A series of micrographs were taken from 
the coke surface with a camera that was coupled with the microscope. The 
micrographs were further analysed with Matlab-based image analysis software. For 
example, the porosity, pore size distribution and pore shape factors were 
determined with the image analysis software.  

4.1.2   Interaction between coking coal and hydrolysis lignin-based 

materials 

In this biocoke-related research, the lignin was ground, sieved and pressed into a 
briquette before pyrolysis. The height and diameter of the original non-pyrolysed 
hydrolysis lignin mini briquette were 9 mm and 8 mm, respectively.  

Hydrolysis lignin mini briquettes were pyrolysed at three different 
temperatures, 450, 600 and 1200 °C. The choice of pyrolysis temperatures was 
based on the structural changes of hydrolysis lignin at different stages of 
thermochemical conversion. At 450 °C, most of the volatile compounds are 
devolatilised and the char formation begins at this temperature, thus the number of 
fused aromatic rings in the polycyclic ring structures is somewhere between 4 and 
20 rings (Yu et al., 2021; Zhang et al., 2020). At 600 °C the thermal degradation 
stage is over, and the fused polycyclic structures are larger than 20 rings. Also, the 



39 

ring structures start to become more organised and more of these structures begin 
to form, thus the structure of biocarbon increasingly resembles amorphous carbon 
(Toloue Farrokh et al., 2018; Zhang et al., 2020). Ultimately, at 1200 °C amorphous 
carbon structures are predominant and even graphitic substructures can be found 
from hydrolysis lignin biocarbon (Haensel et al., 2009; Otani et al., 1984).  

The release of volatile matter from the raw materials of the coking blend was 
analysed with TGA, Netzsch STA 449 F3 Jupiter (Netzsch-Gerätebau GmbH, Selb, 
Germany) which was coupled with a Netzsch QMS 403 C quadrupole mass 
spectrometer (Netzsch-Gerätebau GmbH, Selb, Germany). The raw materials in the 
coking blend were coking coal (Coal), hydrolysis lignin briquette (HLIG), and 
hydrolysis lignin briquettes that were pyrolysed at 450 °C (L450), 600 °C (L600) 
and 1200 °C (L1200). The heating rate in the experiments was 5 °C/min and the 
temperature range from room temperature to 1200 °C. The final temperature in this 
TGA and MS experiment was the same as that subsequently applied in the co-
carbonisation (coking) experiments. The mass spectra of the compounds that were 
released during the carbonisation were obtained from an m/z range of 0 to 250. The 
m/z range was chosen so that major gaseous pyrolysis products of softwood lignin 
could be identified (Zhao et al., 2014). Also, these products have previously been 
reported to inhibit the fluidity development of coal (Diez et al., 2012). The MS 
signals of hydrolysis lignin degradation products were compared and characterised 
with the MS signals that are available in the database of the library of the National 
Institute of Standards and Technology (NIST) Chemistry Webbook (U.S. Secretary 
of Commerce, 2022).  

The dilatation-shrinking behaviour of hydrolysis lignin-based briquettes was 
investigated with an optical dilatometer. The heating rate was 5 °C/min, the final 
temperature 1200 °C and N2 was used as a protective gas with a flow rate of 2 l/min. 
The conditions in optical dilatometry investigations were set so that the heating rate, 
final temperature and protective gas were similar to those in the coking experiments. 

The coking experiments were executed with a custom-made coking device that 
simulates the heat transfer from the coke oven walls to the centre of the oven. The 
coke oven was heated with and Entech model ETF 75/17V gradient furnace (Entech 
AB Ängelholm, Sweden). Industrial coke ovens are usually heated from the oven 
walls. Therefore, the heating in the experiments was conducted by only heating the 
lower chamber of the gradient furnace. The bottom of the custom-made coke oven 
illustrates the oven walls, whereas the top of the coke bed simulates the centre of 
the coke oven. The height of the coke bed containing the hydrolysis lignin briquette 
(or biocarbon briquette) was 200 mm. The custom-made coke oven and the gradient 
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furnace are presented in Fig. 4. Bio-based briquettes were placed at three different 
levels in a vertical direction on the coal bed. The heights of the bio-based briquette 
locations were 30 mm, 70 mm and 100 mm. The cross-sectional arrangement of the 
briquettes is presented in Fig. 4. A more detailed description of the equipment and 
the experimental conditions can be found in (Koskela et al., 2022a). 

 

Fig. 4. Coke oven and gradient furnace (Modified under CC BY 4.0 license from Publication 

III @2022 Authors). 

4.2 Hydrolysis lignin-based reductants for substitution of fossil-
based reductants 

The objective of this branch of research is to directly replace metallurgical coke or 
other fossil-based carbonaceous material in pyrometallurgical processes either 
partially or completely, depending on the process. The dependence on the process 
is due to the different requirements of each process on the properties of 
carbonaceous material. For example, in the BF process metallurgical coke has three 
roles: 1) to act as a chemical reducing agent; 2) as a fuel to bring heat to the process 
to cover the demand of the endothermic reactions like direct reduction of wüstite 



41 

(FeO) with carbon (C); and 3) as a solid structural bed material for iron burden that 
provides a permeable matrix for ascending gases and descending iron melt and slag 
(Díez et al., 2002). These different roles require high mechanical strength, suitable 
reactivity, high carbon content and high mechanical strength after reaction. Also, 
the high density of carbonaceous material is related to the strength and reactivity 
properties of coke. When carbonaceous material is used for slag foaming in EAF, 
the requirements are not as high as in the BF process. However, properties such as 
density and reactivity of the carbonaceous materials have been addressed to affect 
the slag foaming phenomena, i.e. low density results in low penetration depth of 
the carbon material on the slag bath, and overly high reactivity leads to premature 
combustion of the carbon, thus reducing the interaction between carbon and FeO 
(Echterhof, 2021; Marcos et al., 2019). Moreover, mechanical strength is required 
from the carbonaceous material during transportation and storing, because the 
extensive formation of fine powder may cause problems such as dusting or 
accumulation on the conveyors.  

Reactivity has previously been associated with the surface area, porosity and 
crystalline structure of the carbonaceous materials (Diez & Borrego, 2013; Huo et 
al., 2014). Considering the properties of lignin and their evolution during 
carbonisation, agglomeration and subsequent slow pyrolysis at high temperatures 
were chosen for the treatment methods of lignin. The goal was to develop a 
biocarbon product that is comparable to metallurgical nut coke in terms of main 
properties, density, reactivity and mechanical strength.  

This branch of research in this thesis is contributed to by Publications II and 
IV. The evolution of the hydrolysis lignin biocarbon surface area, porosity, density 
and gaseous products during pyrolysis were investigated in Publication II. Also, 
preliminary tests on biocarbon reactivity in a gas atmosphere containing CO2 at 
high temperatures were performed as part of Publication II. In Publication IV, the 
evolution of structural changes of hydrolysis lignin-based biocarbon in gasification 
and the effect of these changes on the properties (reactivity and mechanical strength) 
of biocarbon were investigated. In both publications, industrially produced 
metallurgical nut coke was used as a reference material. This helps with the 
evaluation of the suitability of biocarbons for pyrometallurgical processes.  
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4.2.1 Structural changes and gasification reactivity of pyrolysed 

hydrolysis lignin 

As explained above, the structure of lignin-based biocarbon is built on the existing 
aromatic rings that are fused to one another, thus forming unified structures of 
dozens of rings. The number of rings and the degree of organisation of the ring 
structures increases as a function of temperature, which leads to the formation of 
turbostratic structure above 1000 °C. The stages of evolution of the biocarbon 
structure were considered within this publication, thus three different final 
temperatures were applied in the slow pyrolysis of hydrolysis lignin briquettes: 450, 
600 and 1200 °C. Also, briquetting of the hydrolysis lignin prior to pyrolysis was a 
choice based on the evolution of the biocarbon structure during the pyrolysis. The 
hypothesis behind this was that the briquetting would enable the formation of larger 
fused aromatic substructures, which further contributes to the denser, stronger and 
less reactive biocarbon formation during the pyrolysis.  

The behaviour of hydrolysis lignin in the pyrolysis process was studied with a 
Netzsch STA 449 F3 Jupiter TGA (Netzsch-Gerätebau GmbH, Selb, Germany) 
which was coupled with a Netzsch QMS 403 C quadrupole mass spectrometer 
(Netzsch-Gerätebau GmbH, Selb, Germany). The mass loss and mass loss rate data 
combined with mass spectrometry data of the released volatile matter helps with 
the understanding of the thermal degradation behaviour of hydrolysis lignin. The 
heating rate and the final temperature in the experiment were 5 °C/min and 1200 °C, 
respectively. These conditions correspond to the heating rate and the final 
temperature range of the pyrolysis experiments that were carried out in this study. 
Argon (Ar) was used as an inert gas in the experiments, while N2 was used in the 
pyrolysis experiments. The reasoning behind the choice of Ar for the TGA-MS 
experiments was to avoid the overlapping of the signals of releasing volatile 
compounds (e.g. ethylene, C2H4, and carbon monoxide, CO) with the inert gas at 
an m/z value of 28. The m/z scanning width of MS was 100, ranging from 0 to 100. 
Therefore, only compounds with relatively low molecular weight were identified. 
Different gas components were identified based on the MS signal library of 
National Institute of Standards and Technology (NIST) Chemistry Webbook (U.S. 
Secretary of Commerce, 2022). However, the analysis results were also compared 
with the results of existing literature concerning lignocellulosic biomass pyrolysis. 

The proximate analyses of biocarbon products and metallurgical nut coke were 
performed with a Netzsch STA 449 F3 Jupiter TGA by following the procedure that 
is reported in (Cassel & Menard, 2012).  
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The apparent density measurements are based on the external volume and the 
mass of the sample. In this study, the external volume of the hydrolysis lignin-based 
briquettes was defined with a vernier caliber and the mass with an analytical scale. 
The briquettes were regularly shaped (cylindrical), thus the use of vernier caliber 
was applicable in this case (Basu, 2010).   

The determination of specific surface area (SSA), pore size distribution and 
pore volume was done with ASAP 2020 and 3Flex physisorption instruments by 
Micromeritics Instruments Corporation, Georgia, USA. The experimental 
procedure is explained in detail in (Koskela et al., 2021). The SSA was calculated 
based on the Brunauer-Emmet-Teller (BET) algorithm (Naderi, 2015). The pore 
size distribution was calculated using the density-functional-theory (DFT) model, 
assuming slit-like pores (Figueroa-Gerstenmaier et al., 2014; Ryu et al., 1998). The 
different-sized pores were categorised according to the International Union of Pure 
and Applied Chemistry (IUPAC) notation (micropores < 2 nm, mesopores 2 nm < 
50 nm, macropores > 50 nm) (Thommes et al., 2015). 

The reactivity of the samples was determined with dynamic high-temperature 
reactivity tests in a gas atmosphere containing CO, CO2 and N2. The volumetric 
percentages of CO, CO2 and N2 in the reactive gas atmosphere were 25, 25 and 50, 
respectively (Babich et al., 2009). A Netzsch STA 449 F3 Jupiter TGA was used in 
these experiments. The heating rate in these dynamic high-temperature reactivity 
tests was 10 °C/min, from 30 °C to 1350 °C. The dynamic reactivity tests were 
performed in a wide temperature range to reveal the threshold temperature of 
carbon gasification as well as the reactivity of the samples at high temperatures 
(Babich et al., 2009).    

4.2.2 Evolution of biocarbon structure and mechanical strength at 

different levels of gasification 

In Publication IV, the focus was on the evolution of biocarbon and metallurgical 
nut coke properties (strength and structure) during gasification. This includes the 
study of the effect of different gas atmospheres on the gasification reaction and 
reaction rate and the effect of pyrolysis temperature on the hydrolysis lignin-based 
biocarbon mechanical strength and gasification reaction rate. Also, the effect of the 
level of gasification on the biocarbon and metallurgical nut coke structure and 
strength was studied.     

The pyrolysis temperatures of the hydrolysis lignin-based biocarbons were 600, 
900 and 1200 °C. The reasoning behind the chosen pyrolysis temperatures is based 
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on the earlier results in Publication II (Koskela et al., 2021) considering the 
reactivity and porous structure development of hydrolysis lignin-based biocarbons, 
and the evolution of the structure of lignin during the pyrolysis that was found from 
the literature review of this thesis (Section 3.1.2 “Pyrolysis of lignin”). At 600 °C 
the degradation stage of lignin is complete, and the formation of more organised 
aromatic structures with sub-structures of a larger number of fused aromatic rings 
has begun (Toloue Farrokh et al., 2018; Zhang et al., 2020). At 900 °C, amorphous 
structures are predominant in the lignin biocarbon structure but graphitic sub-
structures have not yet formed (Otani et al., 1984). At 1200 °C, graphitic sub-
structures can be identified from the lignin structure and the degree of orientation 
of the biocarbon structure has evolved from amorphous structure towards a 
turbostratic structure (Haensel et al., 2009; Otani et al., 1984).  

The gasification experiments for three different biocarbon briquettes (sample 
names: L600, L900 and L1200) and metallurgical nut coke (sample name: coke) 
were performed with a custom-made TGA in three different reactive gas 
atmospheres. The detailed presentation about the custom-made TGA is reported 
previously in (Haapakangas et al., 2016) and (Suopajärvi et al., 2017). Three 
different gas components (CO2, CO and N2) with varying amounts were used in the 
reactivity tests. The volumetric percentages of different gas components of 
different experimental programmes are presented in Table 4. The temperature of 
the isothermal reactivity tests was kept constant at 1000 °C.  

Table 4. Experimental programmes of the reactivity tests (Modified under CC BY 4.0 

license from Publication IV @2022 Authors) .  

  Programme 1 Programme 2 Programme 3 

CO [vol.%] 25 0 0 

CO2 [vol.%] 25 25 100 

N2 [vol.%] 50 75 0 

Temperature [°C] 1000 1000 1000 

The high temperature reactivity of all the samples was tested with programme 1 in 
which the reactive gas atmosphere consisted of 25, 25 and 50 volumetric 
percentages of CO, CO2 and N2, respectively. The level of mass loss was fixed at 
20% at this stage. At the second stage (programme 2 from Table 4), the CO was 
replaced with N2, i.e. the level of CO was decreased to 0 vol.% while the volumetric 
percentage of N2 was elevated from 50 to 75 vol.%. At the third stage (experimental 
programme 3 from Table 4), the reactive gas atmosphere consisted of 100 vol.% 
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CO2. The purpose of the experiments in the second and third stages was to 
determine the inhibitive effect of CO on the gasification reaction rate (second stage) 
and the accelerating effect of the increase of CO2 concentration on the gasification 
reaction rate. The evaluation of these effects was done by comparing the results of 
second and third stage with the results of first stage. Only L1200 and coke samples 
were tested in the conditions of programmes 2 and 3 (second and third stages). At 
the third stage, the samples were gasified to four different levels of volatile-free 
mass loss, i.e. the experiment was stopped when the mass loss of the samples 
reached the levels of 20, 30, 40 and 50% from the initial volatile-free mass. These 
levels of gasification were selected based on the typical mass loss levels of 
metallurgical coke in CRI tests (Haapakangas et al., 2016).  

For determination of the structural changes of L1200 and coke samples during 
the gasification reaction, these samples were gasified to the different levels of mass 
loss, after which the structure of the sample surface was micrographed with an 
Olympus DSX1000 digital microscope (Olympus Corporation, Shinjuku, Tokyo, 
Japan) equipped with a DSX10-XLOB10X high-resolution objective lens. Once 
the samples were micrographed, gasification was continued to the next level and 
the samples were micrographed again. The mass loss levels in this experiment were 
20, 30, 40 and 50% from the initial volatile-free sample mass.  

The mechanical strength of the gasified and non-gasified samples was 
evaluated using compression strength tests, which were performed with a Gleeble 
3800 thermomechanical simulator (Dynamic Systems, Inc. Austin, Texas, USA). 
The samples were compressed until they were crushed. The compression was 
programmed so that the strain of the sample was increased by 0.1 mm per second, 
which ultimately led to a compression period of approximately 30 s until the 
samples were crushed. 

The surfaces of gasified and non-gasified samples were micrographed with an 
Olympus DSX1000 digital microscope (Olympus Corporation, Shinjuku, Tokyo, 
Japan) equipped with a DSX10-XLOB10X high-resolution objective lens. All the 
sample types (L600, L900, L1200 and coke) in a non-gasified state were 
micrographed. Also, all the sample types that were gasified to a level of 20% mass 
loss from initial volatile-free mass were micrographed. Only the sample types 
L1200 and coke were gasified to mass loss levels of 30, 40 and 50% and 
micrographed after gasification. The L1200 sample was chosen from the biocarbon 
samples for these further experiments because the gasification reaction rate was 
closest to that of nut coke. The chosen mass loss levels are close to those of 
industrially produced metallurgical coke experiences in CRI tests (Haapakangas et 
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al., 2016).  All the micrographs were further analysed with the Fiji open-source 
java-based image processing package.  

The experimental procedure of the gasification experiments that were 
combined with the compression strength tests, optical microscopy and image 
analysis are presented in Table 5.  

Table 5. Treatments of biocarbon and nut coke samples. 

Treatment / experiment L600 L900 L1200 Nut coke 

Pyrolysis temperature [°C] 600 900 1200 
 

Gasification to 20% mass loss x x x x 

Gasification to 30% mass loss 
  

x x 

Gasification to 40% mass loss 
  

x x 

Gasification to 50% mass loss 
  

x x 

Compression strength of the non-gasified samples x x x x 

Compression strength of the gasified samples x x x x 

Optical microscopy of non-gasified samples x x x x 

Optical microscopy of gasified samples x x x x 

Image analysis of the micrographs x x x x 
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5 Results of biocoke formation and properties 
This chapter is based on the research work that has been carried out within 
Publications I and III of this thesis. The scope is within the definition of suitability 
of hydrolysis lignin and hydrolysis lignin-based biocarbon as part of coking blend 
in metallurgical coke making. The most important properties of the produced 
biocokes will be determined in this chapter. These properties include the 
gasification reactivity and determination of compression strength. These properties 
were chosen to be measured for determination of the performance of biocokes in 
industrial pyrometallurgical processes. Coke with a single coking coal in the coking 
blend was used as a reference material in the experiment. Also, the reasons for the 
properties of biocoke were investigated by analysing the interaction between 
coking coal and biomaterial during the coking process.    

5.1 Chemical composition of biocoke raw materials 

The major differences between the chemical compositions of coking coal and 
hydrolysis lignin are the oxygen content, volatile matter, ash and fixed carbon 
content (Table 6). The trace element composition of coking coal and hydrolysis 
lignin also differ considerably from each other. The major trace elements in coking 
coal ash are silicon dioxide (SiO2) and aluminium oxide (Al2O3), while calcium 
oxide (CaO), sodium oxide (Na2O), potassium oxide (K2O) and phosphorus 
pentoxide (P2O5) are the major components in hydrolysis lignin ash.   
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Table 6. Chemical properties of coking coal and hydrolysis lignin (Modified under CC BY 

4.0 license from Publication I @2019 Authors). 

Analysis Properties Coking coal Hydrolysis lignin 

Total moisture (105 °C) [m.%] 
 

9.02 5.3 

    

 

 

Ultimate analysis [m.%], db. 

C 79.90 62.10 

H 4.82 6.06 

O 2.88 30.40 

N 2.20 1.04 

S 0.56 0.13 

    

 

Proximate analysis [m.%], db. 

Volatile matter 22.69 66.26 

Ash content 9.64 0.20 

Fixed Carbon 67.67 33.54 

    

 

 

 

 

 

Ash composition [%], db. 

CaO 0.77 24.30 

MgO 0.54 4.70 

SiO2 65.20 4.30 

Al2O3 26.37 1.70 

Na2O 0.38 12.10 

K2O 0.94 7.70 

Fe2O3 3.45 4.90 

P2O5 0.47 16.10 

TiO2 1.56 0.04 

The different trace element composition results in a more acidic coking coal ash 
and basic hydrolysis lignin ash in terms of basicity index or alkalinity index (Solar 
et al., 2021). Calcium and potassium in particular have previously been found to 
catalyse the Boudouard reaction, i.e. they increase the reaction rate of the 
carbonaceous material to CO2 at high temperatures (Ding et al., 2014; Habibi et al., 
2013; Hussein et al., 2017). In the BF process this may be detrimental because 
highly reactive coke might cause early breakage of cokes under chemical, thermal 
and mechanical burden, causing a collapse of the structural coke bed, thus leading 
to non-uniform distribution of heat, ascending gases and descending melts (slag 
and pig iron). On the other hand, less acidic coke would decrease the need for flux 
in the BF operation for increasing the basicity of the slag that is generated in the 
process (Solar et al., 2021). Also, the amount of coking coal ash is 48.2 times higher 
than that of hydrolysis lignin, thus the actual amount of single trace element species 
of hydrolysis lignin ash is considerably lower than that of coking coal. To 
summarise, the addition of hydrolysis lignin into the coking blend has a decreasing 
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effect on the total ash amount of the produced coke, thus compensating the non-
favourable composition of the ash of hydrolysis lignin. The amounts of main trace 
elements of hydrolysis lignin and coking coal ash are presented in Table 7 as 
percentages in ash and as total amounts, i.e. grams per one kilogram of raw material.  

Table 7. Percentages and absolute amounts of main trace elements of hydrolysis lignin 
(Modified under CC BY 4.0 license from Publication III @2022 Authors).  
 

Coking coal  Hydrolysis lignin 

  CaO K2O Na2O P2O5  CaO K2O Na2O P2O5 

Percentage in ash [%] 0.77 0.94 0.38 0.47  24.30 7.70 12.10 16.10 

Total amount [g/kgmat] 0.74 0.91 0.37 0.45  0.49 0.15 0.24 0.32 

The lower oxygen content of coking coal (bituminous coal) is a result of the 
formation and evolution of coal over the years under pressure and heat in the 
absence of oxygen in the earth’s crust. The molecular structure of coking coal and 
hydrolysis lignin is presented in Fig. 5 (Cho et al., 2012; Mathews & Chaffee, 2012; 
Wiser, 1984). The coking coal structure consists of aromatic ring structures that 
contain a greater number of aromatic rings than hydrolysis lignin. Smaller ring 
structures of hydrolysis lignin are mainly connected with ether bonding. 
Furthermore, the mechanism of pyrolysis of lignin has been reported to initially 
include the loss of ether linkages (Cho et al., 2012), i.e. the oxygen content of 
hydrolysis lignin is highly related to the amount of volatile matter.    
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Fig. 5. Structure of coking coal and hydrolysis lignin. Modified from Cho et al., 2012; 
Mathews & Chaffee, 2012; Wiser, 1984. 

5.2 Chemical composition of biocarbons  

The chemical composition of the hydrolysis lignin evolves through 
thermochemical conversion during the pyrolysis. The chemical composition of 
hydrolysis lignin-based biocarbons is presented in Table 8. The mass-based solid 
yields in the pyrolysis of L350 (350 °C), L450 (450 °C), L600 (600 °C) and L1200 
(1200 °C) were 58.3, 44.4, 39.3 and 34.7%, respectively. The major changes in the 
elemental composition of hydrolysis lignin-based biomass are the considerable 
decrease in the oxygen and hydrogen contents and an increase in the elemental 
carbon content. This also shows as a substantial decrease in the volatile matter 
content (from 66.26 to 1.43%) and as an increase in the fixed carbon content (from 
33.54 to 97.21%) between dried hydrolysis lignin and L1200 biocarbon.    
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Table 8. Chemical composition of hydrolysis lignin-based biocarbons (Modified under 
CC BY 4.0 license from Publication III @2022 Authors). 

Analysis Properties Hydrolysis 

lignin 

L350 L450 L600 L1200 

Total Moisture (105 °C) [m.%]   5.3 1.8 1.25 0.66 0.3 

       

 

 

Ultimate analysis [m.%], db. 

C 62.1 75.8 83.25 87.10 96.23 

H 6.06 4.4 3.96 2.15 0.09 

O 30.4 17.8 9.74 7.39 2.16 

N 1.04 1.4 1.17 1.23 0.16 

S 0.13 0.09 0.00 0.00 0.00 

       

 

Proximate analysis [m.%], db. 

Volatile matter 66.26 28.67 18.22 7.99 1.43 

Ash content 0.2 0.5 1.89 2.13 1.36 

Fixed Carbon 33.54 70.83 79.89 89.88 97.21 

5.3 Coking properties of coal 

The coking properties of coking coal are presented in Table 9. The coking coal in 
the experiments of this thesis was a medium-volatile coking coal with a maximum 
fluidity of 457 dial divisions per minute (ddpm). The coking coal had so-called self-
coking capability, i.e. the thermoplastic properties of this single coal were suitable 
for the formation of coke during the coking process.  

Table 9. Plastic properties of coking coal (Modified under CC BY 4.0 license from 
Publication III @2022 Authors). 

Gieseler plastometer values of coal 

Softening temperature [°C] 422 

Temperature of max. fluidity [°C] 459 

Resolidification temperature [°C] 490 

Maximum fluidity [ddpm] 457 

Other plastic properties of coal 

FSI 8.00 

Roga index 73.00 

G value 1.04 

Y value [mm] 14.00 
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5.4 Volatile release during co-carbonisation 

The volatile release of individual raw materials (coking coal, L350 and hydrolysis 
lignin) in coking conditions is presented in Fig. 6. The mass loss of the samples is 
presented with a line and symbols, while the mass loss rates are presented only with 
lines whose colours correspond the colour of mass loss curves of each sample. The 
coal softening temperature (422 °C) and coal resolidification temperature (490 °C) 
are marked with a dashed line, while the temperature of maximum fluidity (459 °C) 
is presented with a dotted line. Most of the release of volatiles of hydrolysis lignin 
occurs before the coking coal softening, while only 7.6% of the total volatile release 
occurs during the coal plastic phase. Meanwhile, 20.0% of the total volatile release 
of L350 and 39.5% of the total volatile release of coking coal occur during the coal 
plastic phase. The volatile release of graphite powder was also analysed with TGA, 
but there was no detectable mass loss in the testing conditions. The result was 
expected since the graphite composition was 99.9% carbon. Meanwhile, the release 
of volatiles before the coal plastic phase was 79.7, 42.7 and 16.8% for hydrolysis 
lignin, L350 and coking coal, respectively. The gas release before the coal plastic 
phase leads to the formation of gaseous species that contribute to the fluidity 
development already in the coal softening stage before the formed gaseous 
compounds exit the system. In the case of hydrolysis lignin or hydrolysis lignin-
based biocarbon (L350), the devolatilisation products are rich in oxygen. The 
oxygen-rich compounds act as inhibitive species to coal fluidity development. 
Besides the amount of oxygen-rich components, the functionality of the oxygen 
also influences the modification of the coal fluidity development. The oxygen-rich 
additives mainly affect the maximum fluidity development, while the temperatures 
of softening, maximum fluidity and resolidification remain almost unchanged. The 
oxygen functionalities contribute to the condensation of the fluidity promoting 
substances in the coking blend, thus facilitating the resolidification of the fluid mass 
into semi coke (Diez et al., 2012; Díez et al., 2005) 
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Fig. 6. Volatile release of coking coal, hydrolysis lignin and L350 (Reprinted under CC 
BY 4.0 license from Publication I @2019 Authors). 

The mass loss of hydrolysis lignin (HLIG), L450, L600, L1200 briquettes and 
coking coal is presented in Fig. 7. The results show that HLIG loses most of its 
mass (51.07%) before the coal thermoplastic phase, thus generating a substantial 
amount of oxygen-bearing components that negatively will affect coal fluidity 
development (Diez et al., 2012; Mochizuki & Tsubouchi, 2019). Meanwhile, the 
mass losses of L450, L600 and L1200 were 3.77, 1.87 and 0.56% at this stage, 
respectively. The total mass losses of HLIG, L450, L600 and L1200 were 63.95, 
20.24, 9.57 and 1.61 during the whole experiment, respectively. During the coal 
plastic phase, the mass loss of HLIG, L450, L600 and L1200 samples were 4.96, 
1.41, 0.31 and 0.08%, respectively. The results indicate that the pyrolysis of the 
hydrolysis lignin briquettes modifies the sample chemistry so that the amount of 
devolatilisation products decrease as the pyrolysis temperature is elevated. 
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Fig. 7. The devolatilisation of hydrolysis lignin-based briquettes and coking coal 
(Reprinted under CC BY 4.0 license from Publication III @2022 Authors). 

The mass loss rates of HLIG, L450, L600, L1200 and coking coal are presented in 
Fig. 8. The main peak of mass loss of HLIG can be found at 333 °C, which is well 
before the softening of the coking coal (422 °C). One notable thing is that the main 
peak of HLIG in Fig. 8 is considerably higher than that of hydrolysis lignin in Fig. 
6. This is due to the higher heating rate of the experiment where HLIG was tested. 
However, the thermal degradation of HLIG continues through the coal 
thermoplastic phase, thus producing oxygen-bearing devolatilisation products from 
the beginning of the coal softening and through the coal thermoplastic phase. This 
will inhibit coal fluidity development as the oxygen-bearing substances react with 
the fluid components of the coking blends, which leads to a viscous, low fluid 
system, and thus disordered and weak structure of resulting coke (Diez et al., 2012). 
The biocarbon samples L450 and L600 peaked at a higher temperature after the 
coal thermoplastic stage. However, the development of the peaks of L450 and L600 
begin before the coal resolidification temperature (490 °C). Also, the coal 
devolatilisation stage is not over when the peaks of L450 and L600 occur at 573 °C 
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and 715 °C, respectively. This means that possible gas-gas interaction between the 
biocarbon (L450 or L600) and coking coal originating gaseous compounds can 
occur during co-carbonisation (Díaz et al., 2012). On the other hand, a major gas 
release from the biocarbons inside the solidified coke matrix may remain trapped, 
thus promoting the formation of macropores inside the matrix (Casal et al., 2021). 
The L1200 sample did not show any considerable mass loss peaks during the 
experiment, but the mass reduced steadily throughout the experiment.    

Fig. 8. Mass loss rates of the samples during the co-carbonisation (Reprinted under CC 
BY 4.0 license from Publication III @2022 Authors). 

5.5 Released devolatilisation products of hydrolysis lignin 

The functionality of the oxygen bearing functional groups has been reported to be 
the dominant factor in the development of coal fluidity, besides the total amount of 
oxygen (Diez et al., 2012). In (Diez et al., 2012) syringol (2,6-dimethoxyphenol) 
was reported as a representative thermal degradation product of alkali lignin. This 
may be the case with alkali lignin or hardwood lignin. However, the relative 
syringol content in the gaseous thermal degradation product blend of softwood 
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lignin is considerably lower than that of hardwood lignin (Zhao et al., 2014). The 
hydrolysis lignin that was used in the coking experiments in this thesis was 
extracted from softwood, thus the content of softwood thermal degradation 
products is more relevant. The typical groups of products from thermal degradation 
of softwood lignin are guaiacol (2-methoxy-phenol), syringol, phenols (phenol and 
1,2,3-benzenetriol), catechol (1,2-benzenediol) and aromatic hydrocarbons, with 
guaiacol being the major type of compound (Zhao et al., 2014). These thermal 
degradation products were identified based on their MS signals in this study. The 
m/z signals of guaiacol (m/z values of 53, 81, 109 and 124), syringol (93, 96, 111 
and 139), phenol (39, 65, 66, 94), 1,2,3-benzenetriol (52, 80, 108 and 126) and 
catechol (64, 81, 92 and 110) are presented in Fig. 9. The intensities of the peaks 
were normalised to 100% because the peak intensities varied notably from each 
other, thus the detection of the peaks with low intensities would have been hard 
without normalisation. The main peak of the release of these compounds are in a 
narrow temperature range, from 360 to 375 °C.  

The peak of phenol and 1,2,3-benzenetriol can be found at 360 °C, while the 
peaks of guaiacol, syringol and catechol occurred at 375 °C. The release of these 
compounds occurs 27 °C and 42 °C after the main peak in the mass loss rate of 
HLIG and 62 °C and 47 °C before coal softening temperature (422 °C). With a 
heating rate of 5 °C/min, this would mean that these compounds are released 
approximately 10 minutes before the coal begins to soften. However, in the coking 
experiments, the HLIG samples are placed inside the coal bed, thus the 
devolatilisation products may still be in the co-carbonisation system when the coal 
starts to soften. Moreover, these products were devolatilised at lower temperatures 
than the final temperatures of the pyrolysis of the hydrolysis lignin-based 
biocarbons (L450, L600 and L1200). This was further confirmed by the MS results, 
which indicated that the devolatilisation products presented in Fig. 9 were not 
released from the coking of biocarbons.  

The results suggest that the biocarbons do not have an inhibiting effect on the 
coal fluidity development through the chemical reactions of the devolatilisation 
products. However, biocarbons may have an inhibitive effect on the fluidity 
development of coal through adsorption of fluid components that originate from 
coal. In this study, the adsorption had no to only a minor effect on coal fluidity 
development because the amount of HLIG, L450, L600 or L1200 was so small in 
comparison to the surrounding coal blend. This was also the case with possible 
absorption. These phenomena were, however, addressed and were contributory 
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factors to why the surface area of hydrolysis lignin-based biocarbons was reduced 
by briquetting before the pyrolysis. 

Fig. 9. Mass spectrometry signals of HLIG in the coking process (Reprinted under CC 
BY 4.0 license from Publication III @2022 Authors). 

5.6 Properties of biocokes 

5.6.1 Visual evaluation of the produced biocokes 

The biocokes containing different amounts of non-pyrolysed hydrolysis lignin or 
pyrolysed lignin are presented in Fig. 10. The sample name “Reference” refers to 
the sample that was coked from a single coking and was not blended with anything. 
Sample names with “Lig” refer to the cokes that were produced from the blends of 
coking coal and non-pyrolysed hydrolysis lignin powder. “PrLig” refers, 
correspondingly, to the coke samples that were produced from the blends of coking 
coal and pyrolysed hydrolysis lignin powder. The number in the suffix of the 
sample name refers to the weight percentage of each additive in the blend. For 
example, PrLig15 contained 85% of coking coal and 15% of pyrolysed hydrolysis 
lignin in the blend. The weight percentages are calculated in relation to the total 
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weight of the blend. Macroscopically, the Reference sample was cylindrical-shaped, 
well coked and was not sensitive to abrasion. As the amount of non-pyrolysed 
hydrolysis lignin was elevated in the blend, the height of the samples decreased, 
the cylinder shape was a little deformed, and more fines were released from the 
cokes under abrasion. This was also the case with the PrLig samples but the effect 
of bio-based additive on the physical appearance of the cokes was lighter than in 
the case of Lig samples.   

 

Fig. 10. Mini biocokes (Reprinted under CC BY 4.0 license from Publication I @2019 
Authors).  

The cokes containing HLIG, L450, L600 and L1200 briquettes are presented in Fig. 
11. Although all the cokes were well formed and well resistant against abrasion, a 
higher number of formations of large cracks were observed in the cokes containing 
HLIG or L1200 than in the cokes that included either L450 or L600 briquettes. This 
also shows in Fig. 11 as the cokes including HLIG or L1200 briquettes came out of 
the coke oven in more numerous lumps than the two other cokes. The TGA results 
(Figs. 7 and 8), the MS results (Fig. 9) and visual investigation of the coke samples 
(Fig. 11) indicate that the mechanism of the crack formation was different between 
the cokes containing HLIG and L1200. In the case of HLIG containing cokes, the 
cracks were formed in the proximity of the HLIG briquettes but not directly in the 
interface of the coke and the HLIG briquette. The crack formation in this case is 
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assumed to originate from the local inhibition of coal fluidity during the 
thermoplastic phase, thus leading to formation of local weak points in the coke 
structure. Ultimately this has led to the formation of cracks during the contraction 
of coke. In the case of L1200 containing coke, the crack formation occurred at the 
interface of L1200 briquettes and surrounding coke. On the other hand, L1200 did 
not have a significant release of gaseous compounds during the coal thermoplastic 
phase, thus gas-gas interaction between the coal and L1200 briquettes was non-
existent. The adsorption of the coal devolatilisation products inside the porous 
structure of L1200 briquettes would be a considerable option for how these two 
materials interact during the co-carbonisation process. However, Fig. 11 shows that 
this has not been the case between L1200 and coking coal. 

Fig. 11. Biocokes from the blends of coking coal and hydrolysis lignin-based briquettes 
(Reprinted under CC BY 4.0 license from Publication III @2022 Authors). 
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5.6.2 Compression strength of biocokes 

The average compression strength, standard deviation and variability index of the 
compression strength test results are presented in Table 10. The values in Table 10 
are calculated from the results of the compression of ten individual samples of each 
sample type. The reference samples were mechanically the strongest with highest 
standard deviation but with moderate variability index. The compression strength 
test results confirmed the visual observations that were made earlier. The strength 
of cokes decreased when the amount of hydrolysis lignin-based materials was 
increased in the coking blend. Furthermore, pyrolysis of hydrolysis lignin at 350 °C 
before blending with coking coal decreased the negative effect of this bio-based 
additive on the mechanical strength of produced coke. However, the compressive 
strength of pyrolysed lignin-containing cokes also decreased as the amount of this 
bio-based additive was increased in the blend. Graphite was the third additive in 
the coking blends. The mechanical strength of graphite-containing cokes (Graph) 
and the development of the compression strength of these cokes when the amount 
of additive is increased in the blend resemble those of pyrolysed lignin-containing 
cokes (PrLig). However, the drop in the strength of graphite-containing cokes is 
not as drastic as pyrolysed lignin-containing cokes when the amount of these 
additives is increased in the blends.  

Also, the variability indices of the cokes containing pyrolysed lignin resemble 
those of graphite-containing cokes with corresponding amounts of additive 
material in the blend. This indicates a similar effect of these additives on the 
mechanical strength properties of coke. This is not the case with the samples 
containing non-pyrolysed lignin. Besides the considerably lower mechanical 
strength of these samples, the variability index lowers when the amount of 
hydrolysis lignin is increased in the blend, i.e. the heterogeneity of these samples 
decreases as the amount of additive in the blend is increased.   

Table 10. Summary of the compression strength results of biocokes (Modified under 
CC BY 4.0 license from Publication I @2019 Authors).  

Sample Average strength [MPa] Standard Deviation [MPa] Variability Index 

Reference 19.21 2.06 10.75 

Lig5 4.76 1.59 33.46 

Lig10 1.84 0.17 9.33 

Lig15 1.30 0.07 5.65 

PrLig5 8.17 1.54 18.91 

PrLig10 3.22 1.01 31.26 
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Sample Average strength [MPa] Standard Deviation [MPa] Variability Index 

PrLig15 1.69 0.26 15.26 

Graph5 9.77 3.28 33.55 

Graph10 7.40 1.93 26.14 

Graph15 5.14 1.96 38.07 

The stress-strain curves of the compressions of different biocoke samples are 
presented in Fig. 12. The curves in Fig. 12 are from single compressions and were 
chosen based on the representativeness of the curve. The representativeness was 
evaluated based on how well the strength and strain at the fracture point of each 
compression corresponded to the average values of each sample batch.   
The curve of the compression of Reference coke had the main peak at an early stage 
of the compression, before 5% strain. The peak was followed by step-like drops in 
the strength, thus indicating a layer-by-layer fracture of the structure. This type of 
behaviour under compression is typical for metallurgical coke (Haapakangas et al., 
2014). The samples containing 5% of different additive materials (Lig5, PrLig5 and 
Graph5) had a similar peak at an early stage in the compression. However, the drop 
in the strength of Lig5 after the point of fracture was not step-like, but the strength 
decreased steadily until the sample was crushed. The behaviour of the PrLig5 and 
Graph5 samples, on the other hand, showed clear step-like characteristics after the 
point of fracture. Furthermore, the breaking behaviour of Lig and PrLig samples 
changed considerably as the amount of bio-based material in the coking blend was 
increased to 10 and 15%. This change showed as decreased strength, as a drift of 
strain at the point of fracture and as a change in the shape of stress-strain from a 
clear peak to a round curve without a clear point of fracture. The result indicates 
that at lower hydrolysis lignin-based addition levels the structure is oriented and 
layered, while at higher addition levels the structure becomes more disoriented. The 
similar effect on the breaking behaviour was not observed as the amount of graphite 
was increased in the coking blends. 
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Fig. 12. Stress-strain behaviour of biocokes (Reprinted under CC BY 4.0 license from 
Publication I @2019 Authors). 
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5.6.3 Reactivity of the biocokes 

The reactivity of the biocokes, reference coke and graphite-containing cokes are 
presented in Fig. 13. Reference was the least reactive of all the samples, with 21.4% 
mass loss during the two-hour isothermal reactivity experiment. However, the 
reactivity of Graph15 and Graph10 were not considerably higher than that of 
Reference: 21.9 and 22.7% respectively. The mass loss of the samples containing 
5% of additive material, Lig5, PrLig5 and Graph5 lost 23.7, 24.4 and 23.1% of their 
mass in the experiment, respectively. The effect of hydrolysis lignin-based material 
on the reactivity of the cokes is the opposite of the effect of graphite. While further 
increases in graphite (samples Graph10 and Graph15) in the cokes had a 
suppressive effect on the reactivity in comparison to Graph5, the further increase 
of non-pyrolysed and pyrolysed lignin just further increased the reactivity of coke. 
The samples containing pyrolysed lignin (PrLig5, PrLig10 and PrLig15) were 
slightly more reactivity than those containing corresponding amounts of non-
pyrolysed lignin (Lig5, Lig10 and Lig15). The difference between the reactivities 
of the corresponding samples were not, however, that high.  

The higher reactivity of the biocokes has been explained earlier by the 
following factors: the ash composition of the raw materials, oxygen content, the 
inhibition of fluidity development in the carbonised blend, the presence of porous 
isotropic particles from the biomass, functionality of the biomass material, and the 
microporosity of the cokes. The significance of these factors is dependent on the 
relative impact of other factors. For example, (Babich et al., 2009) discovered that 
the effect of microporosity on the CRI of cokes decreases and ultimately disappears 
as the amount of alkali in the system is increased.  

Other than microporosity, the total number of pores, the number of larger pores 
and the shape of the pores also influence the reactivity of coke. Larger pores have 
better accessibility for reactive gas to enter the inner structure of coke and further 
react with the active sites (graphite crystallite edges). Also, the catalytic 
components tend to concentrate on the large pores, thus promoting the coke 
gasification (Nomura et al., 2007). Surface area is one notable characteristic 
contributing the reactivity of cokes. The irregularly shaped pores have larger edge 
length and surface area than the pores with corresponding volume but more regular 
shape (Diez & Borrego, 2013).  
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Fig. 13.  Reactivity of the biocokes (Reprinted under CC BY 4.0 license from Publication 
I @2019 Authors). 

5.6.4 Structure of the surface of biocokes 

The light optical microscopy (LOM) images of the biocokes, graphite containing 
cokes and Reference coke are presented in Fig. 14. The Reference coke (a), PrLig5 
(e), Graph5 (h), Graph10 (i) and Graph15 (j) had a compact structure including 
medium sized elliptical pores. Lig5 had more open structure with lager sized pores 
and smaller cell wall thickness. As the amount of non-pyrolysed or pyrolysed lignin 
in coke was increased from 5% to 10 and 15%, the pore size enlarges with an 
increase of fine formation. This fine material can be found from the enlarged pores 
of Lig10, Lig15, PrLig10 and PrLig15. This fine material could not be observed in 
the LOM images of graphite containing samples (Graph5, Graph10 and Graph15). 
The porous structure of graphite containing cokes evolved as the amount of 
graphite was increased. The pores enlarged and the fusion of pores seems to be 
increased from sample Graph5 to Graph10. When the graphite content in coke was 
further increased to 15% (Graph15), the graphite flakes were accumulated inside 
the enlarged pores of coke. This explains the decrease in the reactivity of cokes 
when the amount of graphite in coke was increased. However, due to the poor 
interaction between coal and graphite in the coal thermoplastic phase, the linkages 
between graphite and the surrounding coke matrix are weak. This showed as a 
decrease in coke compression strength as a function of graphite addition level.   
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Fig. 14. LOM images from coke samples: (a) Reference sample; (b) Lig5; (c) Lig10; (d) 
Lig15; (e) PrLig5; (f) PrLig10; (g) PrLig15; (h) Graph5; (i) Graph10; (j) Graph15 (Reprinted 
under CC BY 4.0 license from Publication I @2019 Authors). 
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The micrographs in Fig. 14 were analysed and analysis results regarding the 
number of pores, pore size distribution and pore shape factor are collected in Table 
11. There are different shape factors for defining the shape of the pores, but the 
Feret ratio was chosen for defining pore shapes in this work. It describes the ratio 
between the lowest and highest diameter of the pore. In practice, the Feret ratio 
is a ratio between the lowest and highest diameter of the pore with a value of 1 
meaning a perfect circle, and a value of 0 referring to an infinitely elongated 
pore (Koskela et al., 2022b).  

The uniform distribution of small pores is a structural characteristic that 
promotes better strength properties of coke (Andriopoulos et al., 2003). However, 
the increase in the total number of pores and pore area percentage are characteristics 
that decrease the strength of coke. The non-uniform pore distribution through the 
structure of coke is also a structural characteristic that has a decreasing effect on 
the strength of coke. The mechanism behind this reasoning is that the high local 
porosity creates local weak points, which lead to the formation of cracks under 
mechanical stress. The local weak point of coke is also promoted by pore 
connectedness and small cell wall thicknesses between the pores. The local 
weakness of coke is also related to the pore shape factor because a pore with low 
Feret ratio value has notably higher pore edge length than the pores with 
corresponding volume but a higher Feret ratio value. Higher edge length may lead 
to smaller cell wall thicknesses between pores, and elongated pores may promote 
crack formation in the direction of the elongation.     
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Table 11. Image analysis results of biocokes (Modified under CC BY 4.0 license from 
Publication I @2019 Authors) 

Pore 

Edge 

Length 

[mm] 

Reference Lig5 Lig10 Lig15 PrLig5 PrLig10 PrLig15 Graph5 Graph10 Graph15 

Number of Pores 

0.01–0.20 1971 923 2062 2482 2305 2879 2233 1897 2120 2313 

0.20–0.41 147 73 114 122 141 104 100 114 145 116 

0.41–0.82 56 39 44 51 79 63 45 49 62 76 

0.82–1.22 13 5 19 19 23 18 8 21 24 21 

1.22–1.63 7 4 9 10 8 4 9 7 7 14 

1.63–8.5 8 11 13 13 14 14 6 15 10 15 

           

Pore Shape Factor 

0.01–0.20 0.94 0.93 0.92 0.91 0.92 0.92 0.91 0.94 0.93 0.93 

0.20–0.41 0.75 0.75 0.64 0.63 0.66 0.65 0.67 0.73 0.73 0.69 

0.41–0.82 0.61 0.65 0.63 0.52 0.57 0.52 0.59 0.63 0.62 0.59 

0.82–1.22 0.52 0.52 0.51 0.50 0.48 0.50 0.67 0.53 0.50 0.50 

1.22–1.63 0.50 0.56 0.48 0.46 0.45 0.56 0.65 0.35 0.45 0.42 

1.63–8.5 0.35 0.50 0.45 0.30 0.39 0.37 0.37 0.41 0.39 0.34 

The number of pores did not explain the differences in the addition levels of 
different additives, the results in reactivity tests or differences in the strength test 
results. However, the pore shape factors of the smallest pores (pore edge length 
0.01–0.2 mm) and largest pores (1.63–8.5 mm) correlated directly with the strength 
test results. However, large pores with elongated shape are considered to have a 
more significant effect on the strength of coke than mis-shaped small pores, 
because the pore area of an individual large pore is considerably higher than that of 
a small pore. The correlation between the compression strength and the pore shape 
factor of large pores of Lig, PrLig and Graph samples were 0.79, 0.95 and 0.97.  
Despite the high correlation, the shape of the large pores is not considered to be the 
only structural characteristic affecting the coke strength. High pore area percentage, 
number of the pores, the distribution of the porosity and so on affect the strength of 
coke (Koskela et al., 2022b).   
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5.7 Interaction during co-carbonisation 

The LOM images of HLIG, L450, L600 and L1200-containing coke samples, 
micrographed under an X20 objective lens, are presented in Fig. 15. The 
micrographs are taken from the interface of the hydrolysis lignin-based briquettes 
and surrounding coke matrix in order to reveal the interaction of the two materials. 
The micrographs indicate that HLIG, L450 and L600 had chemical interaction with 
coking coal during the coking process, because these materials are fused to the coke 
matrix. However, L600 has separated from the surrounding coke matrix, having 
only a thin layer of coke on the surface of the briquette. This is an indication of the 
contraction of the L600 briquette after the coal solidification. The structure of coke 
near to the HLIG briquette is open, containing large, fused pores that may be caused 
by local fluidity inhibition by the devolatilisation products from HLIG during the 
coal thermoplastic phase. In the case of L1200, chemical interaction with coke 
cannot be observed as the materials clearly have their own separate surfaces 
without a joint interface. This leads to the formation of local weak points on the 
interfaces of coke and L1200 because the binding mechanism between these 
materials is based on the adsorption and further solidification of coal inside the 
pores of L1200, thus forming points of mechanical interlocking between the two 
materials (Kaliyan & Morey, 2010).  

The micrographs (Fig. 15) indicate that the coking coal and hydrolysis lignin-
based briquettes interact through gas-gas interaction, thus overlapping of the 
devolatilisation stages between the materials is required during the co-
carbonisation for the formation of a fused interface.    
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Fig. 15. Interfaces of coke and hydrolysis lignin-based briquettes (Reprinted under CC 
BY 4.0 license from Publication III @2022 Authors). 

5.7.1 Volumetric changes of hydrolysis lignin-based briquettes 

during co-carbonisation 

As was observed from the micrograph of L600 and coke interface (Fig. 15), the 
surfaces of the two materials were separated from each other during the co-
carbonisation, with only a thin layer of coke on the surface of L600. This indicates 
a contraction or combined dilatation and contraction of the L600 briquette during 
the co-carbonisation. Earlier, lignin was found to undergo volumetric changes 
during the thermal treatment (Kifani-Sahban et al., 1997).  

The volumetric changes of HLIG, L450, L600 and L1200 briquettes in the 
coking conditions is presented in Fig. 16. The contraction of HLIG briquette begins 
at approximately 220 °C, which is also the point where the thermal degradation 
peak (Fig. 8) of HLIG begins. Most of the lignin contraction occurred before the 
coke solidification temperature (490 °C), thus the volumetric change of HLIG is 
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not supposed to have a major effect on the formation of the joint interface with 
coke. The L450 briquette did not undergo volumetric changes at the early stage of 
the co-carbonisation. However, the volume of the sample starts to decrease 
approximately at the temperature of 490 °C, which is also the temperature where 
the coal was re-solidified. The contraction stage cannot only be associated with the 
thermal degradation of L450 because the thermal degradation stage ends 
somewhere between 450 and 550 °C and the contraction of L450 ended 
approximately at 820 °C. This indicates that lignin also contracts at its charring 
stage as the aromatic structure becomes more organised. However, this is not fully 
supported by the volumetric changes of L600 during the experiment. Slight 
variation in the L600 volume can be detected after 600 °C but a clear trend of 
contraction is missing. However, the L600 sample started to show a trend of 
dilation at approximately 700 °C and the dilation continued until the final 
temperature (1200 °C) of the co-carbonisation. L1200, on the other hand, did not 
contract during the co-carbonisation but started to dilate at approximately 700 °C 
and the trend of dilation continued until the final temperature of the experiment. 
The post-experiment measurements of sample height and diameter revealed that all 
the biocarbon samples shrunk when they cooled down to room temperature. The 
results suggest that L600 and L1200 stretch the solidified coke matrix at high 
temperatures of the co-carbonisation and the surrounding coke matrix does not 
follow the contraction of the briquettes during the cool-down stage. This conclusion 
is supported by the findings from the micrographs (Fig. 15) as the L600 and L1200 
were separated from the surrounding coke matrix.  
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Fig. 16. Volumetric changes of hydrolysis lignin-based briquettes during co-
carbonisation (Reprinted under CC BY 4.0 license from Publication III @2022 Authors). 
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6 Results of biocarbon formation and 
properties 

This chapter is based on the research work that has been done within Publications 
II and IV of this thesis. The scope is within the definition of hydrolysis lignin-based 
biocarbon properties that are relevant in terms of the utilisation of biocarbon in 
pyrometallurgical processes for the substitution of fossil-based carbonaceous 
materials. The most relevant properties include chemical reactivity at high-
temperatures and the determination of compression strength to define the 
performance of biocarbons in industrial pyrometallurgical processes. Also, the 
basic characterisation of the biocarbons is introduced in this chapter.   

6.1 Chemical composition 

The chemical composition of the raw material hydrolysis lignin is presented in 
Table 12. The chemical composition slightly differs from that of Table 5 in Section 
5.1 “Chemical composition of biocoke raw materials”, because the materials are 
from different sample batches. The trace element composition of hydrolysis lignin 
ash is left out of Table 12 because the trace element characteristics were similar to 
those presented in Table 5 and the effect of the trace element composition was 
explained earlier in Section 5.1 “Chemical composition of biocoke raw materials”.  

Table 12. Chemical composition of hydrolysis lignin (Modified under CC BY 4.0 license 
from Publication IV @2022 Authors). 

 Analysis Properties Hydrolysis 

lignin 

Standard / Analysis method 

Total Moisture  

(105 °C) [m.%] 

  5.3 SFS-EN 14774-2, CEN/TS 15414-2, ISO 589 

     

 

Ultimate analysis  

[m.%], db. 

C 61.0 SFS-EN ISO 16948, SFS-EN 15407, ISO29541 

H 6.1 SFS-EN ISO 16948, SFS-EN 15407, ISO29541 

O 31.9 SFS-EN ISO 16993  
N 0.7 SFS-EN ISO 16948, SFS-EN 15407, ISO29541 

S 0.1 ASTM D 4239 (mod), SFS-EN ISO 16994 

     

Proximate analysis 

[m.%], db. 

Volatile matter 70.9 SFS-EN ISO 18123, SFS-EN 15402, ISO 562 

Ash content 0.2 SFS-EN ISO 18122, SFS-EN 15403, ISO 1171 

Fixed Carbon 28.9 Determined by difference 
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The proximate analysis of hydrolysis lignin, lignin-based biocarbons and 
metallurgical nut coke are presented in Table 13. The ultimate analysis of lignin-
based biocarbon briquettes (L600, L900 and L1200) is presented in Table 14. The 
different stages of carbonisation can be seen as differences in fixed carbon content 
and volatile matter. This is natural because the higher pyrolysis temperature 
increases the degree of carbonisation, and a greater amount of volatiles are removed 
when the pyrolysis temperature is increased. L450 has a lower fixed carbon content 
than nut coke, but when the pyrolysis temperature is elevated further to 600 °C 
(sample L600) the fixed carbon content of biocarbon exceeds that of nut coke. The 
biggest differences between the biocarbon samples and nut coke are the volatile 
matter content and ash content. Nut coke contains considerably higher ash content 
and is less volatile than biocarbons. These chemical properties can contribute to the 
differences in the reactivity and strength of biocarbons and nut coke.  

Table 13. Proximate analysis of the biocarbons (Modified under CC BY 4.0 license from 
Publication II @2021 Authors).  

Sample Total Moisture  

(105 °C), [m.%]  

Volatile matter Ash content Fixed Carbon 

[m.%], db. [m.%], db. [m.%], db. 

Hydrolysis lignin 55.4 70.9 0.2 28.9 

L450 1.25 18.7 2.01 79.29 

L600 0.66 8.22 2.19 89.58 

L900 0.71 5.33 2.13 92.55 

L1200 0.30 1.53 1.3 97.16 

Nut coke 6.00 0.14 11.45 88.41 

The results of proximate and ultimate analysis show that the oxygen content and 
volatile matter content of the biocarbons are highly related to each other. This 
means that when the level of thermal refining of biocarbon is elevated (pyrolysis 
temperature is increased), the release of oxygen-containing volatiles is increased 
(Pienihäkkinen et al., 2021).   

Table 14. Ultimate analysis of the biocarbon samples (Modified under CC BY 4.0 license 
from Publication IV @2022 Authors).  

Sample C H N O S 

L600 87.9 1.73 0.97 8.5 0 

L900 91.81 0.79 0.35 4.92 0 

L1200 96.73 0.07 0.13 2.15 0 
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The identified devolatilisation products in hydrolysis lignin pyrolysis are presented 
in Fig. 17. The base intensity of different devolatilisation products varies, which 
can be seen as different starting points of the curves. The devolatilisation products 
in Fig. 17 were the ones that produced the highest intensities in the mass 
spectrometer. The main devolatilisation products in hydrolysis lignin pyrolysis 
were water (H2O), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4) 
and hydrogen (H2). There might be some overlapping at specific m/z values. For 
example, the m/z value of 28 has accounted for CO, but this m/z value could also 
indicate the release of ethene or ethylene (C2H4). Also, strong intensities were 
found at m/z values of 32 and 36. The m/z value of 32 corresponds to either oxygen 
(O2), methanol (CH4O) or hydrazine (N2H4). According to earlier findings, 
methanol is the most probable thermal degradation product of hydrolysis lignin that 
corresponds to an m/z value of 32 (Zhao et al., 2014). The m/z signal of 36 
corresponds to compounds such as hydrogen chloride (HCl) or methanol-D4, 
which is an isotopologue of methanol, with each hydrogen atom having an extra 
neutron (U.S. Secretary of Commerce, 2022). The m/z value of 36 may also be a 
signal of tri-carbon (C3), which is a transient species in lignin thermal degradation, 
as it is cleaved from the benzene ring to obtain saturated or unsaturated 
hydrocarbons (Huang et al., 2019).   

The signal for vaporised water peaks at 106 °C and 330 °C. The water peak at 
106 °C indicates the removal of free moisture, while the peak at 330 °C refers to 
water that originates from the degradation of oxygen-containing functional groups. 
The majority of oxygen removal in the thermal degradation of hydrolysis lignin 
occurs through the release of water and carbon dioxide (Zhao et al., 2014). This 
means that most of the oxygen is released at 330 °C as the intensity of the CO2 
signal also peaks at that temperature.   
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Fig. 17. Devolatilisation products in hydrolysis lignin pyrolysis (Reprinted under CC BY 
4.0 license from Publication II @2021 Authors). 

6.2 The effect of pyrolysis conditions on the solid biocarbon yield 

The main single parameters affecting the distribution of the product yield are the 
heating rate, pyrolysis temperature and the type of biomass feedstock 
(Phounglamcheik et al., 2020). The feedstock in this study is hydrolysis lignin, but 
the effect of heating rate and final temperature in the solid biocarbon yield is 
investigated.  

The effect of final pyrolysis temperature on the solid biocarbon yield is 
presented in Fig. 18. The heating rate in these experiments was 5 °C/min and the 
holding time at the final temperature 8 hours to ensure thorough pyrolysis of the 
samples. The slope of the solid yield curve is steep when moving from 450 °C to 
600 °C, which can be explained by different stages of hydrolysis lignin pyrolysis. 
The thermal degradation stage can go as far as 550 °C, meaning that this stage is 
ongoing at 450 °C and has ended prior to the pyrolysis temperature of 600 °C. From 
600 °C to 1200 °C the solid yield slope is more moderate. This temperature range 
covers the stage of amorphous carbon formation (600–900 °C) and carbon structure 
reformation (900–1200 °C) (Cao et al., 2013a). 
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Fig. 18. Pyrolysis temperature and solid yield of biocarbons (Reprinted under CC BY 4.0 
license from Publication II @2021 Authors). 

The effect of heating rate on the biocarbon solid yield is presented in Fig. 19. The 
effect of heating rate was investigated within the range of 5 to 20 °C/min with 
5 °C/min intervals. The 5 °C/min increase in the heating rate results in an 
approximate 1% drop in the solid biocarbon yield, when the pyrolysis temperature 
is in the range of 450 °C to 1200 °C. This aspect should be considered when the 
conditions of pyrolysis are being designed.   
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Fig. 19. Effect of heating rate on the solid biocarbon yield (Modified under CC BY 4.0 
license from Publication IV @2022 Authors). 

The effect of heating can also be observed from the mass loss rate curves that are 
presented in Fig. 20. The evolution of the peak of the mass loss curve begins to 
evolve at torrefaction temperatures below 300 °C. At this stage the curve of the 
lowest heating rate (5 °C/min) evolves the fastest. When the heating rate is 
increased, the evolution of the peak is slower, thus the mass loss rate peak evolution 
is shifted to higher temperatures. The mass loss rate peak temperatures of 5, 10, 15 
and 20 °C/min heating rates were 320, 332, 340 and 345 °C. These findings are in 
agreement with an earlier study on the subject (Williams & Besler, 1996). Besides 
the shifting of the peaks, the peak mass loss rates are also considerably increased 
when moving from low to higher heating rates. This leads to a gradual decrease in 
the solid carbon yield, while the formation of primary pyrolysis gases is 
correspondingly increased. The result indicates that higher heating rates promote 
the cracking of organic compounds in biomass and condensable gases to form 
gaseous products. The released organic compounds may be further condensed 
either on the surface of the biocarbon to increase the solid yield, or on the liquid 
fraction to increase the yield of bio-oil. However, high heating rate and low 
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residence time are condition parameters that promote further cracking of volatiles, 
accounting for higher gaseous product yield.  

Fig. 20. Heating rate and the evolution of mass loss rate (Modified under CC BY 4.0 
license from Publication IV @2022 Authors). 

6.3 The structure of biocarbons  

The structure of the biocarbon goes through changes at different stages of 
thermochemical conversion. This means that the structural characteristics of 
biocarbons vary when the pyrolysis temperature is different. In the temperature 
range of 600–1200 °C the stages of amorphous carbon formation and carbon 
structure reformation take place, which means that the structure of the hydrolysis 
lignin-based biocarbon samples densifies (Cao et al., 2013b; Otani et al., 1984). 
The apparent densities of L600, L900 and L1200 biocarbon briquettes were 1102, 
1255 and 1364 g/dm3, respectively. Meanwhile, the apparent density of nut coke 
was 1084 g/dm3. The specific surface areas of the non-briquetted (L450p, L600p 
and L1200p) biocarbon samples, briquetted biocarbon samples (L600 and L1200) 
and nut coke are presented in Fig. 21. A temperature of 450 °C corresponds to the 
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temperature of the lignin thermal decomposition stage. At this stage the specific 
surface area (SSA) of hydrolysis lignin-based biocarbon (sample L450p) is 
moderate, 32 m2/g. As the temperature is elevated to 600 °C, which corresponds to 
the beginning of the stage of amorphous carbon formation, the SSA was increased 
to 245 m2/g (sample L600p). With further elevation of temperature to 1200 °C, 
lignin is in the structure reformation stage. At this stage the SSA was decreased to 
2.8 m2/g. The effect of agglomeration on the SSA of the samples is easily 
observable. In comparison to non-briquetted L600p and briquetted L600 samples, 
the SSA decreased by 51 m2/g and L1200 had 1.2 m2/g lower SSA than L1200p. 
Meanwhile, nut coke had an SSA of 5.1 m2/g. The result indicates that the structure 
of hydrolysis lignin-based biocarbons can be modified by agglomeration and 
following high-temperature pyrolysis. The structural characteristics such as 
apparent density and SSA of L1200 even exceeded those of metallurgical nut coke.  

 

Fig. 21. Specific surface area of the biocarbons and nut coke (Reprinted under CC BY 
4.0 license from Publication II @2021 Authors). 

The surfaces of the L600, L900 and L1200 biocarbon briquettes are presented in 
Fig. 22. The surfaces of all the samples are smooth and dense, and porosity cannot 
be detected. However, several cracks can be found on the surfaces of all the 
biocarbon samples, with L600 having the largest cracks in terms of width, length 
and depth. There is no clear pattern in the orientation or location of the cracks, and 
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they are mainly surficial. Some cavities can be found on the surface of the L1200 
sample, but they are not deep. According to these micrographs, most of the porosity 
or empty space inside the biocarbon structure is caused by the cracks. These 
surficial structure characteristics do not apply to nut coke. The surface of nut coke 
is rougher, consisting of a considerable number of pores and different textures. 
These structural changes are further analysed and discussed in Section 6.5. 

 

Fig. 22. Surfaces of L600, L900, L1200 and nut coke (Modified under CC BY 4.0 license 
from Publication IV @2022 Authors). 

6.4 High temperature reactivity of biocarbons 

6.4.1 Dynamic reactivity tests 

The mass losses and mass loss rates of biocarbons and nut coke during the dynamic 
gasification experiments are presented in Fig. 23. The curves are normalised to start 
from a temperature of 750 °C in order to exclude the effect of volatile release from 
the curves. The order of the samples based on the total mass loss during the 
gasification experiment was: L450p, L600p, L600, L1200p, L1200 and nut coke, 
from highest mass loss to the lowest. The order of the samples indicates that 
agglomeration, high temperature pyrolysis and combination of these treatment 
methods modify the structure of biocarbons so that they are less reactive.   
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Fig. 23. Gasification reactivity of the biocarbons and nut coke (Reprinted under CC BY 
4.0 license from Publication II @2021 Authors). 

The mass loss, mass loss rate at gasification threshold temperature, and the 
gasification threshold temperature are collected from the data in Fig. 23 and 
presented in Table 15. The threshold temperature of gasification reaction was 
chosen based on the gasification reaction rate data set. The increase of 0.05%/min 
from the initial apparent reaction rate (ARR) at 750 °C was chosen. This ARR was 
chosen based on the mass loss data of the samples (Flores et al., 2017; Heikkilä et 
al., 2021).  

At a pyrolysis temperature of 600 °C, the briquetting before the pyrolysis shifts 
the gasification threshold temperature by 26 °C. This is not, however, the case when 
the pyrolysis temperature is increased to 1200 °C. At the beginning of the reaction 
rate development, the pyrolysis temperature seems to have the biggest influence on 
this development. However, when gasification progresses and the temperature is 
elevated, the evolution of gasification rate of biocarbon briquettes is moderate in 
comparison to non-briquetted biocarbons. This leads to higher mass loss for non-
briquetted biocarbons. Earlier, biocarbon gasification was suggested to be a phase-
boundary-controlled reaction (Ahmed & Gupta, 2011; He et al., 2019; Hu et al., 
2019; Luiz et al., 2018; Ortega, 1996; Struis et al., 2001). This means that the 
reaction rate is mainly controlled by chemical reactivity on the surface of the chars 
or at the edges of the pores. In this thesis, the quicker evolution of the gasification 
reaction rate of non-briquetted biocarbons can be partially explained by the higher 
surface area of non-briquetted biocarbons in comparison to briquetted biocarbons 
at a corresponding pyrolysis temperature. Based on the results, these treatment 
methods increase the material apparent density, and thus inhibit the gas penetration 
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into the structure of biocarbon and decrease the reactive surface area of the 
biocarbon.     

Table 15. Parameters from biocarbon and nut coke gasification (Reprinted under CC BY 
4.0 license from Publication II @2021 Authors).  

Properties Unit L450p L600p L600 L1200p L1200 Nut coke 

Mass loss [%] 83.68 77.55 71.64 69.77 56.48 12.21 

Mass loss rate at 

threshold temperature 

 

[%/min] 

 

0.263 

 

0.31 

 

0.32 

 

0.06 

 

0.06 

 

0.05 

Threshold temperature [°C] 847 847 873 880 872 1017 

6.4.2 Isothermal reactivity tests at the level of 20% mass loss 

L450p samples were left out from the isothermal reactivity tests while L900 
samples were included in the tests. This decision was made based on the results of 
dynamic reactivity tests, as L450p samples were found to be too reactive and 
contain too much volatile matter. Also, only briquetted biocarbons were tested in 
the isothermal reactivity tests because briquetting was found to be a suitable 
method to modify the structural characteristics and thus the reactivity of the 
biocarbons.  

The mass loss curves of biocarbon and nut coke samples to the level of 20% 
mass loss from initial volatile-free mass is presented in Fig. 24. Experimental 
gasification programme 1 (Table 4) was used in these isothermal reactivity tests. 
The gas atmosphere of programme 1 was the same as in the dynamic reactivity tests 
in Fig. 23. Because the temperature is kept constant in the isothermal reactivity 
tests, the mass loss is presented as a function of time. The time for 20% mass loss 
in gasification reaction was the longest for L1200 samples, approximately 80 min. 
L1200 was followed by L900 samples, which lost the corresponding mass 
percentage in approximately 63 minutes. In the case of L600 samples, the 20% 
mass loss took approximately 58 minutes. The results further confirm that the 
structural changes that were achieved by densification and high pyrolysis 
temperature lead to less reactive biocarbon.  

Even though the gasification reactivity of L1200 biocarbon was considerably 
modified by densification and high pyrolysis temperature, the gasification reaction 
rate of nut coke was considerably lower than that of biocarbon. The gasification 
reaction of nut coke until 20% mass loss took approximately 391 minutes. The 
variation between the results of the repetitions of nut coke gasification was 
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considerably higher than that of biocarbons. Also, the gasification reaction time for 
20% mass loss was 4.6 times longer than that of L1200 biocarbon. The long 
reaction time for nut coke gasification was expected from the basis of dynamic 
reactivity tests (Fig. 23 and Table 15). 

 

Fig. 24. Isothermal gasification of biocarbons and nut coke (Reprinted under CC BY 4.0 
license from Publication IV @2022 Authors) 

Based on the development of the reaction rate of the samples in Fig. 24, the 
behaviour of nut coke in gasification is different from that of biocarbons. The 
curves of biocarbons become steeper as a function of gasification time, i.e. the 
gasification reaction rate accelerates while the rate of nut coke gasification 
decelerates as the mass loss progresses. The evolution of the mass loss rate and 
other important parameters from the data of gasification experiments are collected 
in Table 16. The mass loss rate and the evolution of the mass loss rate data in Table 
16 were collected from the equation of the linear trendline of the gasification 
reaction rate. The slope of the equation is the evolution of the mass loss rate, and 
the constant value indicates the mass loss rate at the beginning of the experiment. 
Based on this data, L1200 had the lowest rate of mass loss at the beginning but a 
high evolution rate during the gasification experiment. The result indicates that the 
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phase boundary reaction is slower with L1200 than with the two other biocarbon 
briquettes. This may be caused by the smaller surface area of L1200 at the 
beginning of the experiment. However, when the gasification reaction proceeds, 
the porosity of the samples increases, which leads to a higher surface area and a 
higher reaction rate.  

Table 16. Data from the isothermal gasification of biocarbons and nut coke (Reprinted 
under CC BY 4.0 license from Publication IV @2022 Authors). 

Sample 
Volatile matter 

(1000 °C) 

Time for 20% 

gasification 
Mass loss rate 

Evolution of the 

mass loss rate 

  [wt.%] [min] [%/min] [%/min] 

L600 10.47 57.68 -0.31000 -0.00090 

L900 5.37 63.30 -0.26000 -0.00132 

L1200 1.71 79.75 -0.18000 -0.00127 

Coke 0.75 390.65 -0.06860 0.00009 

The structural changes on the surface of the biocarbon briquettes (L600, L900 and 
L1200) and nut coke are presented in Fig. 25. All the samples went through 
structural changes on the sample surface. The most dramatic changes were found 
from the surface structure of L600 and L900 biocarbons. Before the gasification 
experiment, the surfaces of these samples were smooth, containing few cracks with 
random orientation and location. However, after gasification to the level of 20% 
mass loss, the surfaces of these samples were covered with cracks that were largely 
connected and located throughout the cross-section of the samples. The formation 
of the crack network of L600 and L900 could be a consequence of a few different 
reasons. The thermal shock at the beginning of the experiment could have led to a 
release of surface tension on the briquette, thus forming cracks. The release of 
tension could also be caused by the quick release of volatile matter, the gasification 
of carbon from the surface of the sample, or a combination of these. Extensive crack 
formation could not be found from the surfaces of L1200 or nut coke. Due to the 
gasification, roughness of the L1200 surface increased with the formation of short 
cavity holes whose appearance resembled that of pores under the microscope. In 
the gasification of nut coke, the surficial pores became enlarged, and enrichment of 
trace minerals could be detected on the edges of the pores. Based on the appearance 
of the minerals and usual trace mineral composition of cokes, these minerals are 
suggested to be either quartz (SiO2) or aluminium oxide (Al2O3). 
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Fig. 25. Surfaces of non-gasified and gasified samples (Reprinted under CC BY 4.0 
license from Publication IV @2022 Authors). 

6.4.3 Inhibitive effect of CO on the gasification of biocarbon and nut 

coke 

Previously, CO has been reported to have an inhibitive effect on gasification of 
metallurgical coke as well as charcoal (Haapakangas et al., 2016; Huang et al., 2010; 
Roberts & Harris, 2012). The mass loss curves of L1200 and nut coke gasification 
are presented in Fig. 26. The gasification was performed in three different gas 
atmospheres with varying amounts of CO, CO2 and N2. The level of 20% mass loss 
took the longest time when gasification was performed in a gas atmosphere that 
contained N2, CO and CO2 with volumetric percentages of 50, 25 and 25%, 
respectively. When CO was replaced with N2, i.e. the N2 percentage in the gas 
atmosphere was elevated from 50 to 75% while the CO2 level remained constant 
and the CO level was dropped to 0%, the gasification time for 20% mass loss 
shortened considerably with L1200 biocarbon and nut coke. When the 
concentration of CO2 was elevated to 100% in the reactive gas atmosphere, the 
gasification reaction rate of the samples was further increased, thus the reaction 
time for 20% mass loss shortened considerably.  
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Fig. 26. Mass loss curves of L1200 biocarbon and nut coke in gasification in different 
atmospheres (Reprinted under CC BY 4.0 license from Publication IV @2022 Authors). 

The shape of the mass loss curves of L1200 and nut coke differ considerably from 
each other. The curves of L1200 grow steeper as the gasification reaction proceeds 
towards 20% mass loss. In the case of nut coke, the mass loss curves become gentler, 
thus the mass loss rate decreases as a function of gasification reaction time. The 
reaction time for 20% mass loss, the mass loss rate at the beginning of the 
gasification experiment, and the evolution of the mass loss rate of L1200 biocarbon 
and nut coke are presented in Table 17. The data was collected from the curves in 
Fig. 26. These were the median curves of five repetitions in terms of the gasification 
reaction rate. Based on this data, the inhibitive effect of CO on the gasification 
reaction, and the increasing effect of concentration elevation of CO2 on the reaction 
rate, is similar to biocarbon and nut coke. Earlier, the power of the inhibitive effect 
of CO on the gasification rate has been related to the surface area of carbonaceous 
material (Farid et al., 2017). In the experiments of this thesis, the SSA of L1200 
and nut coke were similar, thus the inhibitive effect of CO could be expected to be 
similar for the samples. However, at the beginning of the experiment, the L1200 
mass loss rate was approximately 2.6 times higher than that of nut coke. This 
indicates that fewer carbon active sites are available on the surface of nut coke than 
on the surface of L1200. This is suggested to occur from higher ash content of nut 
coke. Furthermore, the evolution of the gasification reaction rate of L1200 is the 
opposite to that of nut coke when CO is removed and the concentration of CO2 is 
elevated in the reactive gas atmosphere. This makes sense when the controlling 
mechanism of the biocarbon gasification rate is thought to be phase boundary 
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reaction, while the gasification rate of nut coke is under a combined control of 
interfacial reaction and gas diffusion to the mineral matrix of nut coke.     

Table 17. Some of the main parameters of gasification reaction of biocarbon and nut 
coke. 

Sample Experimental 

programme 

Time for 20 % 

gasification [min] 

Mass loss rate 

[%/min] 

Evolution of the mass 

loss rate [%/min] 

 

L1200 

Programme 1 79.75 -0.18000 -0.00127 

Programme 2 39.50 -0.40000 -0.00609 

Programme 3 21.00 -0.70000 -0.02551 

     

 

Nut coke 

Programme 1 390.65 -0.07000 0.00009 

Programme 2 181.00 -0.13000 0.00017 

Programme 3 84.25 -0.27000 0.00083 

6.4.4 Gasification to higher levels of mass loss  

The mass loss curves of L1200 biocarbon and nut coke gasification to different 
levels of mass loss are presented in Fig. 27. The mass loss rate and the evolution of 
the mass loss rate do not considerably change between the gasification experiments 
to different mass loss levels. Based on the curves in Fig. 27, the minor differences 
of the curve parameters occur due to the heterogeneity of the samples rather than a 
change in the sample behaviour during gasification. However, the controlling 
mechanism of gasification varies between the L1200 biocarbon and nut coke. This 
can be observed from the opposite development of the slope of mass loss curves of 
different samples; the curves of the L1200 mass loss rate have a negative slope 
while the curves of nut coke have a positive slope.     
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Fig. 27. Gasification to different levels of mass loss (Reprinted under CC BY 4.0 license 
from Publication IV @2022 Authors). 

Because the slope between the gasification experiments to different levels did not 
change, it is suggested that the reaction rate controlling mechanism drifts from one 
mechanism to another. The contracting cylinder and random pore model were 
previously reported to fit well with biocarbon gasification. According to these 
findings and the results of this thesis, the gasification reaction rate of L1200 
biocarbon is controlled by a phase boundary reaction that occurs on the surface of 
the samples and on the edges of the pores (Ahmed & Gupta, 2011; He et al., 2019; 
Hu et al., 2019; Luiz et al., 2018; Ortega, 1996; Struis et al., 2001). The mechanistic 
pathway of the surface reaction is as follows: the chemical adsorption of the gas to 
the solid char surface in the first stage, the surface reaction of CO2 with the char 
active sites in the second stage, and finally, the desorption of gasification reaction 
products from the char surface (Ahmed & Gupta, 2011). It has previously been 
concluded that chemical adsorption does not to control the surface reaction in char 
gasification because the increase in partial pressure of CO2 had a negligible effect 
on char gasification (Ahmed & Gupta, 2011). However, in the experiments in this 
thesis, the increase in CO2 concentration had a significant effect on the reaction rate 
of the gasification of L1200 and nut coke, thus indicating that chemical adsorption 
was the controlling step at the beginning of gasification. 

For coke, three steps have been reported to control the gasification reaction 
with CO2 at low temperatures (≤1000 °C); the interfacial reaction in the first step, 
interfacial reaction and gas diffusion in the second step, and gas diffusion in the 
final step (Guo et al., 2015). The different gasification mechanisms between L1200 
biocarbon and nut coke is also supported by the gasification data in Fig. 27, the 
macroscopic appearance of the samples after gasification and micrographs that are 
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presented in Fig. 28. Because of gasification, the smooth surface of L1200 becomes 
rougher, containing cracks and short cavities. At lower levels of gasification, at 20 
and 30% mass loss, the crack formation occurs mostly on the edges of the sample 
while at higher levels of gasification (40 and 50% mass loss) and the cracks are 
also formed at the centre of the cross-section of the sample surface. The 
development of the nut coke surface during gasification reveals that the carbon 
matrix becomes gasified gradually from the surface of the sample as the level of 
gasification proceeds. However, nut coke includes a considerable amount of trace 
elements that form another matrix alongside the carbon matrix. This mineral matrix 
is revealed once the carbon gasification proceeds. The mineral matrix is a key factor 
contributing to the controlling mechanism at the second and third steps of nut coke 
gasification, as it upholds the porous network into which the reactive gas must 
diffuse in order to react with the remaining carbon.      
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Fig. 28. Development of L1200 and nut coke structure during gasification (Modified 
under CC BY 4.0 license from Publication IV @2022 Authors). 
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6.5 Structural changes during gasification 

The level of mass loss combined with the observations made from micrographs 
indicate observable changes in the structure of biocarbon samples and nut coke 
during gasification. In this chapter, the area percentage, pore count and pore size 
distribution of non-gasified and gasified samples are reported and discussed. The 
pore area percentage and pore count of different sized pores of biocarbon samples 
before and after gasification to a mass loss level of 20% are presented in Fig. 29. 
The pore area percentages and pore count of non-gasified biocarbons are presented 
on the left, while these parameters of gasified samples are presented on the right.  

The total pore area percentage of L600, L900 and L1200 before gasification 
were 0.155, 0.171 and 0.314%, respectively. After gasification to a mass loss level 
of 20% the pore area percentages were 11.016, 8.887 and 3,352%, respectively. The 
formed cracks (Fig. 25) accounted for most of the area that was identified as pores. 
At this level of gasification, the large cracks accounted for most of the pore area 
percentage of L600, while most of the pore area percentage of L900 and L1200 is 
covered by small pores. The surface of nut coke also changed considerably during 
gasification, despite the lack of crack formation. The non-gasified nut coke sample 
had only one pore in the largest size range (from 1 mm to infinity) and after 
gasification the number of pores in that size range was four. Moreover, the pores of 
the largest size range of the gasified sample corresponded to 30.284% of the total 
surface area while the pore area percentage of the pores of corresponding size range 
only accounted for 2.556%. This is related to the mechanism of progression of the 
gasification of nut coke, as the first step of nut coke gasification is the reaction on 
nut coke surface and on the edges of the pores. Morevoer, the fusion of the 
neighbouring pores increases the number of pores in the larger size ranges while 
the pore count of the smallest size range (from 0.01 mm2 to 0.1 mm2) decreases. 
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Fig. 29. The changes in porosity of biocarbons and nut coke in gasification (Modified 
under CC BY 4.0 license from Publication IV @2022 Authors). 

The development of structural characteristics (pore area percentage and pore count) 
as a function of the level of gasification is presented in Fig. 30. The pore area 
percentage of nut coke increased steadily until the mass loss level of 40%, after 
which the slope became gentler to a mass loss level of 50%. At the same time the 
pore count dropped from the non-gasified sample to a gasification level of 20%. 
From a 20% mass loss the drop stabilised until a level of 40% mass, after which 
there was a slight drop in the pore count at a level of 50% mass loss. The 
simultaneous drops in the pore count and the increased pore area percentage 
indicate merging of the pores on the nut coke surface during gasification. The 
development of the porosity (pore count and pore area percentage) of L1200 is the 
opposite of that of nut coke. The pore area percentage increased moderately until 
the mass loss level of 40%, after which the increase became steeper to the mass 
loss level of 50%. The pore count of L1200, on the other hand, considerably 
increased from the non-gasified sample to a gasification level of 20%. The 
increasing development of pore count continued to the gasification level of 40% 
and from there, it decreased as the gasification level was elevated to 50%. This 
development follows the pattern of pore formation, merging of the pores, and 
ultimately, overlapping of the pores, which is the pattern that is modelled by the 
random pore model (Iwaszenko et al., 2019).    
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Fig. 30. Development of the porosity of L1200 and nut coke (Modified under CC BY 4.0 

license from Publication IV @2022 Authors). 

6.6 Compressive strength of biocarbons and nut coke 

The gasification of carbonaceous material creates cavities, pores, enlargement of 
pores and the formation of cracks in the structure of the material. These structural 
changes show as empty spaces in the carbon matrix, thus creating weak points 
under mechanical stress. In this chapter the compressive strength test results of 
L600, L900, L1200 biocarbons and nut coke is reported and discussed. 

The compressive strength test results of biocarbon and nut coke samples are 
presented in Fig. 31. The box chart presentation was chosen for illustration of the 
results because average or mean values, for example, do not illustrate the deviation 
of the results and thus the heterogeneity of the samples. The results of the non-
gasified biocarbon samples directly show the significance of the pyrolysis 
temperature on the mechanical strength of biocarbon. L600 had slightly lower 
compressive strength (in average) than nut coke and considerably lower strength in 
comparison to L900 and L1200. The sample batch of nut coke was the most 
heterogeneous in terms of mechanical strength, which shows as a large cap between 
the extreme values and large range of the upper and lower quadrants of the results. 
With regard to the gasified samples, the decrease in compressive strength of nut 
coke and L1200 is at the same level, with the drop of average strength being 7.88 
MPa for nut coke and 9.52 MPa for L1200. Meanwhile, the average strength of 
L900 decreased by 21.27 MPa approximately to the level of nut coke and L600 
biocarbon. This could have been expected as the crack formation on the structure 
of L900 was approximately at the same level as that of L600, which was expected 
to have an impact on the structure of L900. This kind of impact on the structural 
changes was not found in the strength test results of L600. This is expected to be 
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due to the open structure of the non-gasified L600 sample, thus the sample structure 
does not considerably weaken after the 20% mass loss.  

 

Fig. 31. Compressive strength of non-gasified and gasified biocarbon samples and nut 
coke (Modified under CC BY 4.0 license from Publication IV @2022 Authors). 

The behaviour of the biocarbon and nut coke samples during the compression 
strength test is illustrated in stress-strain curve in Fig. 32.  
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Fig. 32. The behaviour of biocarbon and nut coke during compression (Reprinted under 
CC BY 4.0 license from Publication IV @2022 Authors). 

The peak stress of L600 before fracture occurs within a relatively large range, thus 
indicating a collapse of the structure before fracturing. This sort of behaviour is 
possible when there is empty space within the sample structure. The behaviour of 
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L600 under compression did not change considerably after gasification, which is 
an indication that the 20% mass loss during gasification did not considerably 
change the nature of porous structure of L600. The other samples, on the other hand, 
had a clear peak of stress before the point of fracture, indicating that their structure 
did not have such elasticity as L600 did. After gasification, the behaviour of L900, 
L1200 and nut coke changed considerably. The sharp peaks of L900 and L1200 at 
the point of fracture evolved to a blunt-shaped peak with a larger peak area after 
gasification. This shape is similar to that of L600, thus indicating that the empty 
space inside the structure of L900 and L1200 increased. These structural changes 
also affected the compressive strength of L900 and L1200 (Fig. 31 and Fig. 32). 
Nut coke had a different structure in comparison to biocarbon samples, thus the 
effect of gasification on the behaviour under compression of nut coke was different. 
Before gasification, nut coke had a curve evolution similar to L900 and L1200 
during compression. However, after gasification, the compression strength of nut 
coke decreased considerably and the stress-strain curve consisted of multiple peaks, 
indicating multiple points of fracture. This is suggested to be a consequence of 
enlarged pores and increased fusion of the pores during gasification.   

Gasifications to higher levels of mass loss of L1200 and nut coke revealed 
further changes in the compression behaviour of these samples. This is presented 
in Fig. 33. However, the changes between the samples were different. In the case 
of L1200, the peak of the fracture point became blunter, and the peak was shifted 
to further strain the percentage as the level of mass loss in gasification was 
increased. This is an indication of the surface-level porosity development during 
gasification, thus the formation of empty space within the structure of L1200 near 
the surface. This is in line with the hypothesis of gasification occurring mainly on 
the surface of the biocarbon and on the edges of the pores. The peak of the nut coke 
stress-strain curve, on the other hand, does not considerably shift to a higher 
percentage of strain, but became flattened as the samples were gasified to higher 
mass loss levels. Also, the development of multiple fracture point peaks can be 
observed from the curves of gasified nut coke samples. These results indicate a 
gasification phenomenon inside the porous structure of nut coke, which is in line 
with the suggested gasification mechanism of nut coke in section 6.4.4 
“Gasification to higher levels of mass loss”. 
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Fig. 33. Development of the behaviour of L1200 and nut coke during the compression 
(Modified under CC BY 4.0 license from Publication IV @2022 Authors). 
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6.7 Relationship between the level of gasification, structural 
changes and compressive strength 

The structure and mechanical strength of the samples were found to change as the 
level of gasification was elevated. In this section, the relationship between these 
properties are presented and discussed. Samples L600 and L900 were only gasified 
to a mass loss level of 20%, thus producing only two data points at mass loss level 
0 and 20%. On the other hand, L1200 and nut coke were gasified to mass loss levels 
of 20, 30, 40 and 50%, thus the evolution of structural and mechanical strength 
properties can be followed from five different data points. Because of this, the 
relationships between gasification level, structural properties and compression 
strength were evaluated based on the results of L1200 and nut coke.  

The relationships between the level of gasification and pore area percentage, 
the level of gasification and compression strength, and pore area percentage and 
compression strength are presented in Fig. 34. All the R2 values between the 
different properties were above 0.90, thus indicating a strong linear correlation 
between these properties. The relationship between the level of gasification and the 
pore area percentage was direct, i.e. the pore area percentage linearly increased as 
a function of gasification level. Meanwhile, the compression strength decreased as 
a function of gasification level or pore area percentage, thus indicating an inverse 
correlation between the compression strength and gasification level or pore area 
percentage.  
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Fig. 34. Relationships between the level of gasification, pore area percentage and 
compression strength (Modifed under CC BY 4.0 license from Publication IV @2022 
Authors). 

The level of gasification also correlated with the pore count development. However, 
this relationship did not follow a linear trend, but a polynomial of second order as 
presented in Fig. 35. In the case of L1200, the pore count increased until the level 
of 40% mass loss. This was the point where the pore count reached the highest 
number and started to decrease to the level of 50% mass loss. This is in line with 
the mechanistic pathway of the random pore model (Iwaszenko et al., 2019). The 
pore count of nut coke had the opposite development as the number of pores 
decreased to the level of 20% mass loss, after which the pore count remained 
relatively stable until the level of 50% mass loss. The result indicates that the 
gasification reaction occurs mainly at the surface of the nut coke at the beginning 
of gasification, thus leading to the enlargement and fusion of the pores. This is 
followed by adsorption of the reactive gas into the coke matrix. Meanwhile, the 
mineral matrix is left on the surface of the nut coke. This follows the mechanistic 
pathway of the gasification reaction of coke that was reported earlier by (Guo et al., 
2015).   
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Fig. 35. Relationship between pore count and the level of gasification (Reprinted under 
CC BY 4.0 license from Publication IV @2022 Authors). 
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7 Evaluation of the results 
Because of the different approaches of the two different branches of research in this 
thesis, the results of these different branches are evaluated and discussed separately. 

In the first branch, the objective was to produce biocoke, i.e. metallurgical coke, 
in which part of the fossil-based coking coal is substituted with bio-based material. 
The chosen bio-based raw materials for the substitution part of fossil-based coal in 
coke making were hydrolysis lignin and hydrolysis lignin-based biocarbon. 
Hydrolysis lignin was chosen based on the following facts:  

1. It is a side-stream material that is currently used mainly for combined heat and 
power generation (CHP). 

2. It has a high carbon content and relatively low oxygen and hydrogen content 
compared to most biomasses. 

3. It has a complex cross-linked aromatic structure that acts as a skeleton of char 
formation during thermal treatment.  

4. It offers high yield and a wide range of thermal degradation due to the wide 
range of binding energies of different types of bonds within the molecular 
structure. 

5. The adhesive nature of lignin, which leads to less mobility of the particles, 
means the particles stick together before pyrolysis. 

6. It has low ash content, thus leading to high fixed carbon content when 
hydrolysis lignin is carbonised.  

The results of hydrolysis lignin or hydrolysis lignin-based biocarbon utilisation as 
part of the coking blend in biocoke-making were not promising. The results from 
the interaction between coking coal and hydrolysis lignin and hydrolysis lignin-
based biocarbons indicated that lower pyrolysis temperatures would be better for 
interaction between the materials. However, the volatiles from hydrolysis lignin 
were oxygen-rich, thus leading to inhibited fluidity development of coking coal and 
increased porosity and disoriented structure of produced cokes. Overall, the 
addition of hydrolysis lignin and hydrolysis lignin-based biocarbons into the coking 
blend led to a weakened structure, increased reactivity, and thus lower quality coke. 
According to the results, the methods used in this study were not suitable for 
development or modification of coal-lignin mixtures in such a way that the 
resulting coke would be sufficiently good. However, more research should be done 
related to the subject. For example, it would be beneficial to discover more about: 
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1. Optimisation of the pyrolysis temperature for optimising the oxygen content in 
biocarbon combined with the optimisation of the interaction between the 
materials. 

2. Agglomeration (e.g. briquetting) of the whole coking blend to improve the 
proximity of the particles in the blend. 

3. Substituting one or more raw material fractions in a coking blend so that the 
properties of the bulk blend would be compensated by the properties of other 
fractions. 

4. Optimisation of the particle size of the biocarbon prior to co-carbonisation of 
the coking blend. 

In the second branch of research in the utilisation of hydrolysis lignin-based 
biocarbon as a substitute of fossil-based carbon, the focus was on modifying the 
properties of biocarbon to a level that is comparable with nut coke. The main 
properties under investigation were the density, reactivity and mechanical strength. 
In order to achieve this objective, selected pre-treatment methods were performed 
on hydrolysis lignin. The pre-treatments in the order of their respective 
implementation are listed below:  

1. Drying for removal of excess moisture from hydrolysis lignin biomass. 
2. Grinding for homogenisation of the particle size. 
3. Briquetting of hydrolysis lignin for reduction of the surface area, increasing 

material density and increasing the mechanical strength. 
4. High pyrolysis temperatures for increasing thermal stability and density of 

biocarbon and decreasing the gasification reactivity. 

The results of how the hydrolysis lignin-based biocarbon was modified with 
relatively simple pre-treatment methods were promising. The compression strength 
of L1200 and L900 was superior to that of metallurgical nut coke, while the 
compression strength of L600 was at the same level as nut coke. Also, the 
compression strength of biocarbons after pre-gasification were at the same level or 
higher than that of nut coke. The major issue when comparing the properties of 
fossil-based nut coke and biocarbon was the gasification reactivity. The biocarbons 
were considerably more reactive, which is the limiting factor of why biocarbons 
may not fully substitute the use of metallurgical coke in applications such as BF or 
SAF. In many other roles, for example as a foaming agent in EAF, as a substitute 
of fossil coal in pulverised coal injection in BF, and as a reductant in the reductive 
treatment of different residues or slags, the biocarbon could serve its purpose due 
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to the lower requirement of the reductant properties. The suitability of biocarbons 
for each application should be tested with application-centric test methods, for 
example with foaming tests if the objective is to utilise biocarbon as a foaming 
agent in EAF. When it comes to the higher gasification reactivity of biocarbons in 
this thesis, the difference in the mechanistic behaviour of gasification reaction 
between bio-based and fossil-based carbon products was addressed. Therefore, 
future investigation into biocarbon utilisation as a substitute of fossil-based carbon 
should focus on the use of inorganic binders in the agglomeration of biomass or 
biocarbon. The reasoning behind this is that the trace element chemistry of 
biocarbon would be modified, thus the relative amount of potassium (K), sodium 
(Na) and calcium (Ca) in the biocarbon ash would be reduced. In addition, the 
binder would help in the formation of mineral matrix throughout the biocarbon 
structure, thus changing the mechanistic pathway of biocarbon gasification to 
resemble that of fossil-based coke.  
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8 Conclusions and future research 
The applicability of hydrolysis lignin and hydrolysis lignin-based biocarbon for 
substitution of fossil-based carbon in pyrometallurgical processes was studied 
within the research work of this thesis. Usually, carbon is utilised as a reducing 
agent in pyrometallurgical processes because of its capability to reduce oxides into 
a desired, usually metallic form. However, besides the use as a reductant, carbon 
can be used for example as a slag foaming agent or as an alloying element. Overall, 
carbonaceous materials in pyrometallurgical processes have many different roles: 
as a chemical reagent, the source of reducing CO gas and as a carburiser of hot 
metal, as a structural support material for material burden, and as a fuel to bring 
thermal energy for endothermic reactions. The role of being structural support 
material is specifically related to the BF process, while the rest of the roles apply 
to multiple processes. However, a certain level of mechanical strength is required 
even if the carbon does not act as a structural material, for example in transportation 
and storage. This, of course, applies in cases where the carbon is fed into the system 
in a shape and size of larger agglomerates and not in a pulverised form.  

8.1 Conclusions 

The applicability of hydrolysis lignin and hydrolysis lignin-based biocarbons as a 
substitute of fossil-based carbon was studied within two branches in this thesis: the 
utilisation of hydrolysis lignin and hydrolysis lignin-based biocarbon for 
substitution of part of the coking coal in a coking blend in production of 
metallurgical coke, and as an individual biocarbon for the substitution of 
metallurgical coke. The applicability of biocarbon and biocoke was evaluated based 
on the results of different tests of the properties of these materials. Gasification 
reactivity and compression strength were the main properties that were tested.   

In terms of the formation of metallurgical coke, the formation and properties 
of coke depend highly on the properties of the individual fraction of the coking 
blend as well as the properties of the whole blend. In practice, the lack of quality 
of one fraction of the blend is compensated with the properties of other fractions in 
the blend. The major reason for the use of fractions with low quality in a coking 
blend is the availability and price of high-quality coking coal. The reason for 
substitution of part of the coking coal with bio-based material in this thesis was the 
mitigation of the use of fossil-based material in a coking blend, thus the mitigation 
of fossil-based CO2 formation. However, in this thesis the properties of the blend 
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were not optimised, but an individual high-quality coking coal was partially 
replaced by bio-based materials. These bio-based materials were hydrolysis lignin 
and hydrolysis lignin-based biocarbon. The results indicated that the reactivity of 
the biocokes was higher and on the other hand the compression strength was lower 
than that of metallurgical coke consisting of 100% coking coal. The reactivity tests 
and compression strength tests were performed on biocokes in which the hydrolysis 
lignin-based materials were in powdered form. In these tests, the pyrolysis 
temperature of hydrolysis lignin biocarbon was 350 °C, which was lower than the 
release temperature (360 °C) of the hydrolysis lignin-originating gaseous 
components that have previously been reported to be major modifiers of fluidity 
development in coal. In the interaction studies of coal and hydrolysis lignin-based 
materials, the pyrolysis temperatures of the biocarbons were higher (450, 600 and 
1200 °C), thus the effect of these fluidity modifiers was eliminated. Also, the non-
pyrolysed hydrolysis lignin and hydrolysis lignin biocarbons were briquetted, 
which decreases the relative surface area, and therefore also decreases the 
adsorption of the fluid components from coking coal. At the same time the density 
of the biomaterials was increased, thus decreasing the formation of density 
gradients in the biocoke. These interaction studies revealed that interaction between 
the coking coal and hydrolysis lignin-based materials occurs mainly in the gas-gas 
phase. This indication was based on the observation of L1200 (hydrolysis lignin 
briquette pyrolysed in 1200 °C) not having a joint interface with surrounding coke, 
whereas other samples with milder pyrolysis temperatures had been partially fused 
as part of the coke matrix. Moreover, a separation between the coke matrix and 
L600 (hydrolysis lignin briquette pyrolysed in 600 °C) and L1200 could be detected, 
thus indicating a dilation of the briquette in the co-carbonisation stage followed by 
shrinking in the cooling stage. This was confirmed with optical dilatometry results, 
as clear dilation of L600 and L1200 could be detected and after the cooling, the 
sample volume was decreased.  

In the pyrolysis of hydrolysis lignin, lignin undergoes different stages. The 
classification of the stages can be done in several ways, based on the TGA data, 
chemical reactions or structural changes. In this thesis the stages are classified as: 
1) bond breaking and recombination, 2) aromatisation and 3) graphitisation. The 
graphitisation stage of hydrolysis covers the widest temperature range, from 
approximately 900 °C to over 2400 °C. The notable thing is that the biocarbon in 
this thesis is not graphite, although graphitic substructures have been found in 
lignin-based biocarbon that was pyrolysed at 1200 °C in earlier studies. These 
different pyrolysis stages have been used as a basis for determining the pyrolysis 
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temperatures of the biocarbon samples (450, 600, 900 and 1200 °C) in this thesis. 
The objective of this branch of research was to produce biocarbon with properties 
that are comparable with those of nut coke. These main properties include the 
density, reactivity, mechanical strength and strength after reaction. The reactivity 
of the samples was evaluated based on the isothermal and non-isothermal 
gasification reactivity tests, and the mechanical strength was evaluated based on 
the results of compression strength tests. Industrially produced nut coke was used 
as a reference material in the experiments. Also, the effect of pyrolysis conditions 
(heating rate and final temperature) on the yield of the sample was briefly studied.  

The results clearly showed that the increase in either heating rate or final 
pyrolysis temperature decreased the yield of solid carbon. The solid yield in 
pyrolysis of hydrolysis lignin at 450, 600, 900 and 1200 °C were 44.4, 39.4, 37.7, 
35.9%, respectively. It is noteworthy that the sample was not ground or 
agglomerated in the pyrolysis at 450 °C while the other samples were in briquetted 
form. Nevertheless, the most significant drop in yield can be found when the 
pyrolysis temperature is elevated from 450 °C to 600 °C because of the thermal 
degradation of hydrolysis lignin. The effect of heating rate on the yield was more 
moderate but still observable. The solid yield decreased for approximately one per 
cent when the heating rate was increased for 5 °C/min. The difference between the 
yields developed at relatively low temperatures, below 400 °C, after which the 
difference between the curves remained unchanged. The volatile matter that was 
released during pyrolysis mainly consisted of non-condensable gases CH4, CO2, 
CO, C2H4 and H2. Also, H2O, methanol (CH4O) and transient species of hydrolysis 
lignin thermal degradation were found from the strongest signals of mass 
spectrometry results. Many other signals were also found from the data, but their 
intensities were considerably lower.  

The non-isothermal reactivity experiments revealed that the gasification 
reactivity of the biocarbon was inhibited by agglomeration and high pyrolysis 
temperature (L1200, pyrolysed at 1200 °C). This was further confirmed by 
isothermal reactivity tests. The inhibited reactivity was based on the denser 
structure, thus a decreased surface area of L1200 in comparison to biocarbons of 
lower pyrolysis temperature. This is further related to the reaction path of biocarbon 
gasification. According to the literature, biocarbon gasification follows either the 
contracting cylinder or the random pore model, in which the controlling mechanism 
of gasification reaction is the phase boundary reaction. On the other hand, the 
reactivity of nut coke was considerably lower, even though the surface area was 
higher than that of L1200 biocarbon. The lower reactivity of nut coke can be 
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partially explained by the different trace element composition of nut coke ash, 
higher amount of ash, which further influence on the gasification mechanism of nut 
coke. In CO2 gasification at 1000 °C, the coke gasification is reported to follow the 
pathway in which chemical reaction is the controlling mechanism in the first stage. 
This is followed by a combination of diffusion and chemical reaction as a 
controlling mechanism in the second stage and diffusion in the third stage.  

The structure and mechanical strength of the samples was changed due to 
gasification. In the case of nut coke the pore area percentage increased while the 
pore count decreased as the level of gasification was increased. Gasification 
occurred first on the surface of the sample and at the edges of the pores, thus 
enlarging the pore size. Ultimately the neighbouring pores overlapped, i.e. they 
fused together to form a single pore. Once the carbon was gasified from the surface 
layers, the mineral matrix of nut coke was revealed. L1200 biocarbon, on the other 
hand, did not behave like this, mainly because of the lower ash content and different 
ash composition. The gasification pattern of L1200 seemingly followed the 
contracting cylinder type of gasification, in which the gasification mainly occurs 
on the surface layers of the sample. This was shown in microscope images. Also, 
the porosity development of L1200 consisted of the formation of short cavity holes 
on the surface of the sample, while the formation of deeper pores was not detected. 
The structural changes were found to affect the mechanical strength of the samples 
while the gasification level was found to affect the structural changes. For example, 
the pore area percentage of nut coke and L1200 was found to correlate with the 
level of gasification with R2 values of 0.98 and 0.92, respectively. Meanwhile the 
compression strength of nut coke and L1200 correlated with pore area percentage 
with R2 values of 0.98 and 0.93, respectively. The pore count of nut coke and L1200 
also correlated with the level of gasification with R2 values of 0.94 and 0.99, 
respectively. Similar correlations were not found between other structural 
parameters or pore shape factors and levels of gasification. According to the results, 
the pore area percentage is the dominant factor in the determination of the 
compression strength of the gasified samples.  

These results are promising from the perspective of replacing fossil-based 
carbon with hydrolysis lignin-based biocarbon in pyrometallurgical processes. 
Looking at the mechanical strength of biocarbons, the level of compression strength 
is at least at the same level as that of metallurgical nut coke, thus the excessive 
cracking and breaking of the biocarbon in storage or transport is unlikely. The 
compression strength after reaction to a certain level of mass loss of L1200 was 
higher than that of nut coke. However, the considerably higher gasification 
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reactivity of L1200 would cause problems in the BF process, for example, where 
coke has an important role as a structural bed material for supporting the material 
burden in the upper layers and facilitating uniform distribution of gas and heat in 
the process. 

8.2 Future research 

Overall, the results in this thesis indicate that the biocarbon research area is more 
promising than the area of biocoke research. Therefore, the focus should be 
concentrated on the development of biocarbon as a reducing agent product and not 
as a raw material in a coking blend. The major issues in the utilisation of hydrolysis 
lignin-based biocarbon in pyrometallurgical processes are related to higher 
gasification reactivity and poor availability of hydrolysis lignin.   

The results indicated that the controlling mechanism pathway in biocarbon 
gasification is different from nut coke gasification. The results also indicated that 
the difference in the mechanistic pathway is related to the difference in ash 
composition and content. This indication is a motivation to use inorganic and 
composite binders in the agglomeration of biocarbon. By doing so, the ash 
chemistry of biocarbon agglomerate could be changed alongside the creation of the 
mineral matrix and the carbon matrix. The discovery of an applicable binder or 
binder mix would also enable the agglomeration of biocarbon from other biomass 
sources, i.e. from the biomass that does not possess similar adhesive forces to 
hydrolysis lignin.      
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