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A B S T R A C T   

The utilization of bio-based side streams in metallurgical coke making promotes two major factors in the miti-
gation of climate impact in the steel industry. Circular economy as the waste material from biorefinery industry is 
utilized as a raw material in the steel industry, and mitigation of the production of fossil-based CO2 emissions. In 
this work, lignin from the hydrolysis process was used in a briquetted form as part of the raw material blend in 
metallurgical coke making. For the experiments and analyses, lignin briquettes were pyrolyzed at 450, 600 and 
1200 ◦C, while one sample was left non-pyrolyzed. In the co-carbonization of briquetted lignin, lignin chars and 
bituminous coal, the focus was to evaluate the interaction between char and coal in the carbonization. This was 
studied by thermogravimetric analysis (TGA), optical dilatometry, and light optical microscopy. The results 
suggested that the interaction between the coal and lignin reduced when the pyrolysis temperature of the bri-
quettes, prior to co-carbonization, was elevated. This was due to the decrease of overlapping of the pyrolysis 
rates of chars and coking coal. Combined with the dilation and shrinking behaviour of the chars, presented in this 
paper, separate char and coke structures were formed in the final coke in co-carbonization.   

1. Introduction 

Hydrogen-based ironmaking has raised interest among the re-
searchers in the field of ferrous metallurgy in the past years. This is 
confirmed by already existing review articles about this relatively new 
subject [1–3]. However, blast furnace (BF) iron making will still be the 
most common process in iron ore-based production of reduced iron in 
the steelmaking industry for years from now. Even after the era of BFs, 
carbon will be needed e.g., as a foaming agent in electric arc furnaces 
(EAF) and as an alloying element [4,5]. 

BF is an energy intensive process, accounting for approximately 50% 
of the total energy consumption in an integrated steel production site. 
Overall, the steel industry accounts for approximately 5% of the global 
energy consumption and 7% of the global anthropogenic CO2 emissions 
[6–11]. The carbon required for the reduction of iron oxides to pig iron 
and generation of heat in the BF process is currently obtained from fossil 
sources. Coal used in the BF process is classified as bituminous coal and 
as PCI coal (pulverized coal injection). Before charging to BF, the bitu-
minous coal is carbonized (coked) at high temperature in the absence of 
air in a coke oven furnace to produce metallurgical coke [12,13]. By 
substituting fossil-based coal partly by bio-based material, biomass, in 
the carbonization process, the carbon footprint of the usage of coke in 

the BF process can be mitigated [13,14]. 
Coke has multiple purposes in the BF process which sets high re-

quirements for chemical reactivity, calorific value and especially for 
mechanical strength of the produced coke [12]. These requirements 
further restrict the type and amount of the materials that can be used in a 
co-carbonization process with coal blend. 

The co-carbonization of coking coal with biomass and biochar and 
the addition of biomass/biochar on coke properties has been studied 
earlier. Suopajärvi et al., 2017 studied the addition of charcoal and Kraft 
lignin on the coking blend and the effect of the addition on the chemical 
reactivity and mechanical strength of the coke [15]. Koskela et al., 2018 
investigated the addition of hydrolysis lignin, hydrolysis lignin char and 
graphite on the coking blend, the resulting changes in coke structure and 
the effect of structural changes on the chemical reactivity and me-
chanical strength of coke [16]. 

Fluidity is the coal property that affects the bonding of the coal 
particles, the carbon anisotropic texture and porous structure of the 
formed coke the most [17]. Diez et al., 2012 studied the effect of 
different biomass derived products as modifiers of the rheological 
properties of coal. They found out that coal fluidity development was 
less affected by charcoal than lignin or sawdust. The result suggests that 
the pyrolysis of the biomass before co-carbonization with coal is 
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required [17]. Earlier, it has been reported that finer particles suppress 
the thermoplastic properties more than coarser particles [17–19]. 

Montiano et al., 2014 used densification (briquetting) for chestnut 
sawdust containing coal blend prior to mixing and co-carbonization with 
coking coal. They found out that briquetting had an increasing impact 
on coke density and a decreasing impact on coke overall porosity. They 
stated that in terms of coke reactivity, the addition rate of chestnut 
sawdust containing briquettes could be as high as 15 wt%. Briquetting 
also had an increasing impact on the strength of the produced coke 
except in the case of 10 and 15 wt% addition rates of briquettes that did 
not contain coking coal. This was explained by less homogenous dis-
tribution of sawdust, thus worse interaction between the sawdust and 
the coking coal when partial briquetting was used [20]. 

Different bio-based materials, their effect on coke formation [17] 
and the properties of produced cokes have been studied earlier 
[15,16,20]. Also, the interaction between coal and bio-based materials 
during co-carbonization has been studied. Kastanaki et al., 2002 did not 
observe substantial interaction in the solid phase during the thermal 
conversion of lignite-biomass blends [21]. However, they suggested that 
gas–solid interactions and interactions in the gas phase could be 
possible. Jones et al., 2005 reported that the interaction between py-
rolyzing particles in the coal and biomass blends is dependent upon the 
relative pyrolysis rates, particle-volatiles contact, and particle–particle 
contact in systems with short residence times [22]. Longer residence 
times of volatiles were found to assist secondary reactions, thus the 
changes in the nature of volatiles can be observed. Castro Díaz et al., 
2012 found no solid–solid interaction between coking coal and three 
different biomasses based on the results of their experiments with TGA. 
However, the viscoelastic behaviour of coking coal was modified by the 
different biomasses suggesting that there were gas–solid and/or liquid-
–solid interactions [23]. 

Biochar is known to play different roles in coking process of coking 
coal and biochar blend: as an inert material without softening or melting 
in the process, as an active material which binds plasticizing compo-
nents of coal during the coal plastic phase and as an active chemical 
agent due to desorption of tarry substances which block the fine pore 
structure and the degradation of labile bonds [17–19]. The binding of 
the plasticizing components of coal by biochar is previously related to 
high surface area of biochar which is further related to high porosity and 
small particle size of biochar [24]. Ueki et al., 2014 reported that the 
inhibition of coal particle connectivity, thus poorer coke strength was 
attributed to released volatile matter from woody biomass in co- 
carbonization of coal-biomass blend. This inhibitive effect was re-
ported to decrease as the biomass was pyrolyzed to biochar. Further-
more, the conclusion was that the effect would be larger with an increase 
in the pyrolysis temperature of the biochar [25]. On the other hand, 
Matsumura et al., 2008 observed the interfaces of formed products of 
woody biomass and coal in coking process. They observed formation of 
such defects as moderate embrittlement and voids at contact interface of 
these two materials. They suggested that the formation of these defects 
was attributed to coke contraction during the cooling stage. They also 
reported that the coke strength was remained at the reference sample 
level when the woody biomass was compacted to a larger particle size 
before addition to the coking blend [26]. 

These earlier observations are considered in the present work, where 
non-pyrolyzed and pyrolyzed hydrolysis lignin are co-carbonized 
together with good quality coking coal. The hydrolysis lignin was 
agglomerated by briquetting before pyrolysis to reduce the surface area 
of the bio-based material in the coking blend. The surface area and 
porosity of the hydrolysis lignin widely changes as a function of pyrol-
ysis temperature as reported earlier [27]. This was one reason for the 
choice of this biomass fraction for the co-carbonization experiments 
with coking coal. Also, the choice of wide range of pyrolysis tempera-
tures in the present work was based on these previous results, the py-
rolysis temperatures of hydrolysis lignin being 450, 600 and 1200 ◦C in 
this work. The biochars and non-pyrolyzed lignin briquettes were co- 

carbonized together with good quality coking coal. The coking of the 
coal-biomass blend was performed in a custom-made coke oven, 
specially designed to simulate conditions of an industrial coke oven from 
the oven wall to centre of the oven. The objective of this work is to study 
the interfacial interactions between the different materials in the coking 
blend. The material pyrolysis rates in the co-carbonization process were 
studied with TGA coupled with mass spectrometer (MS) for revealing 
the degradation products of the bio-based materials and the overlapping 
of the devolatilization of coking coal and bio-based materials. The 
interfacial interaction between coking coal and the bio-based materials 
was further investigated with light optical microscopy of the interfaces 
between the materials. Because of the previous presumption of the coke 
contraction and void formation between coke structure and bio-based 
material, the dilatation and shrinking behaviour of the bio-based bri-
quettes were investigated in this work with optical dilatometry. This 
study provides comprehensive insight on the importance of the over-
lapping pyrolysis rates of bio-based material and coking coal as well as 
the effect of it on the resulting coke. 

2. Experimental 

2.1. Materials 

Hydrolysis lignin, a side stream from enzymatic hydrolysis and yeast 
fermentation of softwood to produce bioethanol, was chosen as a raw 
material for the biomass briquetting and pyrolysis experiments. Lignin 
was provided by ST1, Kajaani. The lignin was received with a 50–60 wt 
% moisture content. The lignin was dried to approximately 5-10 wt% 
content at 40 ◦C for nine days according to standard SFS-EN 16179:en. 
Chemical analysis for the hydrolysis lignin was done by Eurofins Ahma 
Oy, Oulu, Finland. The coking coal for the co-carbonization experiments 
was provided by SSAB Europe Oy, Raahe, Finland. The chemical anal-
ysis, fluidity measurements (ASTM 2639–74), dilatation measurements 
(ISO 349:1975, ISO 8264:1989 and DIN 51739) and other coking 
properties for the coal were also done by SSAB Europe Oy, Raahe, 
Finland. Since then, the ISO 349:1975 standard has been replaced by ISO 
349:2020. The ultimate analysis of the produced biochars was made 
with an elemental analyzer Flash 2000 by Thermo Fisher Scientific 
(Waltham, Massachusetts, USA). 

2.2. Briquetting and slow pyrolysis of lignin 

The hydrolysis lignin was briquetted with a hydraulic press and a 
compression mould. 10kN force was applied in the compression of lignin 
for 20 s per briquette. 0.5 g of lignin was weighed for each briquette. 
Five drops of ethanol (C2H5OH), approximately 0.01 g, was used for 
lubrication to decrease the friction between lignin particles and between 
lignin and the compression mould. This densification of lignin yielded 
mini briquettes approximately 9 mm in height and 8 mm in diameter. 
The non-pyrolyzed briquettes and the briquettes that are pyrolyzed in 
450, 600 and 1200 ◦C are presented in Fig. 1. The char samples were 
further named L450 L600 and L1200 according to their pyrolysis tem-
perature. The non-pyrolyzed lignin briquette sample was named HLIG. 

For each pyrolysis experiment, 30 briquette samples were packed 
inside a cylinder-shaped graphite crucible with inner height of 55 mm 
and diameter of 55 mm, and covered with a graphite lid. The graphite 
crucible was placed into a corundum crucible. The empty space between 
graphite and corundum crucible was filled with synthetic graphite 
powder and the corundum crucible was then covered with a spinel lid. 
This was done to prevent the oxidation of the char briquettes during the 
pyrolysis. The covered corundum crucible was then placed inside a 
Nabertherm HT08/18 chamber furnace (Nabertherm GmbH, Lilienthal, 
Germany). Three different final temperatures (450, 600 and 1200 ◦C) 
were applied in the pyrolysis of the briquettes. The choice of pyrolysis 
temperature was made based on the different stages of pyrolysis of 
lignin: at 450 ◦C the majority of gaseous compounds have devolatilized 
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[28], at 600 ◦C the thermal degradation stage is over and the lignin char 
structure starts to regroup by cross-linking of the aromatic clusters [29] 
and at 1200 ◦C graphitic-like substructures start to form in lignin 
structure [30]. Also, the surface area and pore structure of lignin varies 
considerably after pyrolysis at these temperatures [27]. The tempera-
ture was elevated to the final temperature at a 5 ◦C/min heating rate. 
The samples were held at the final temperature for 8 h. The low heating 
rate and long holding time were chosen to ensure thorough pyrolysis and 
on the other hand to maximise the solid char yield [29]. After the 
holding time, the samples were allowed to cool down freely without 
quenching. Nitrogen (N2) with a flow rate of 1 l/min was used as an inert 
gas throughout the whole experiment. The samples were weighed before 
and after each experiment to determine the material yield in the 
pyrolysis. 

2.3. Thermogravimetric analyses of lignin briquettes 

The proximate analyses of the lignin briquettes were performed 
using the TGA device Netzsch STA 449 F3 Jupiter (Netzsch-Gerätebau 
GmbH, Selb, Germany). The program used to determine the moisture 
content, volatile matter, and ash content was designed based on the 
program reported in Cassel and Menard, 2012 [31]. In the beginning of 
the experiment the heating rate was set to 20 ◦C/min, until the tem-
perature reached 105 ◦C. The temperature was held there for 20 min, for 
determination of the moisture content. After that the temperature was 
elevated to 950 ◦C with a heating rate of 20 ◦C/min. At this point the 
sample was in a nitrogen (N2) containing gas atmosphere, total gas flow 
being 200 ml/min. The temperature was held at 950 ◦C for 15 min under 
N2 flow for determination of the volatile material content. After that, the 
gas flow was changed from 100 vol% nitrogen to 20 vol% and 80 vol% of 
oxygen (O2). At this stage, the carbon of the carbonaceous materials 
burns off and based on the final weight, the fixed carbon and ash content 
can be determined. 

The behaviour of the raw materials of the coking blend in the 
carbonization process was analysed using the TGA device Netzsch STA 
449 F3 Jupiter (Netzsch-Gerätebau GmbH, Selb, Germany) coupled with 
the Netzsch QMS 403C quadrupole mass spectrometer (Netzsch- 
Gerätebau GmbH, Selb, Germany). One briquette of each sample type 
was used in the experiments. The heating rate in the experiments was 
5 ◦C/min and the final temperature 1200 ◦C. This final temperature was 
subsequently applied in the co-carbonization of briquettes and coking 
coal. The mass spectra of the compounds that were released during the 
carbonization were obtained from a m/z range 0 to 250. The m/z range 
was chosen based on the peaks of the signals of the typical groups of 
compounds of maple lignin and Chinese fir lignin [32]. These groups of 
compounds are those that inhibit the fluidity development of coal during 
the co-carbonization [17]. The signals were characterized according to 
the database of the NIST library. 

2.4. Optical dilatometry of lignin briquettes 

Briquetted lignin and lignin char briquettes were investigated with 
an optical dilatometer. The optical dilatometer is presented in Fig. 2. 
The sample was placed on a sample stand and pushed inside the furnace 
pipe. The furnace was sealed and N2 flow to the furnace switched on 
with a flow rate of 2 l/min. The heating rate in the experiments was 
5 ◦C/min except in the case of the HLIG sample. In the dilatometry 
experiment of the HLIG sample the volatile release was so excessive in 
the temperature range of 200–450 ◦C that the sample could not been 
identified from the images when the heating rate was 5 ◦C/min. 
Therefore, the heating rate in that temperature range was set to 1 ◦C/ 
min for enabling clearer photos. The camera was set to take a photo for 
every 10 ◦C temperature elevation. The photographs were analysed with 
open-source image processing and analysis software Fiji, based on 
ImageJ. The software can define e.g., sample surface area, sample height 
and diameter. With the information of height and diameter and the 

Fig. 1. Bio-based briquettes.  

Fig. 2. Optical dilatometer.  
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known symmetry of the cylindrical-shaped samples, the volume of the 
samples could be calculated according to eq. (1). 

V = πr2 × h (1)  

where V is the volume, r is the radius and h is the height of the sample. 

2.5. Co-carbonization of coal and lignin briquettes 

A custom-made reactor was built for the co-carbonization experi-
ments of hydrolysis lignin briquettes and coking coal. The reactor was 
placed inside a silicon carbide (SiC) crucible. The reactor and SiC cru-
cible are presented in Fig. 3. The heating was performed with an Entech 
model ETF 75/17 V gradient furnace (Entech AB Ängelholm, Sweden) 
which is also presented in Fig. 3. The furnace consisted of two separate 
zones, a lower and upper zone, which can be controlled separately. For 
mimicking the industrial coke oven heat transfer from the oven walls to 
the centre of the oven, only the lower zone was heated while the reactor 
was set in the upper zone i.e., the heat was transferred through the coal 
bed from the bottom to the top of the reactor. Because of the experi-
mental set up, the heating rate varied throughout the coal bed. There-
fore, the temperatures from five different locations of the coal bed were 
measured with k-type thermocouples before the actual experiments of 
co-carbonization of coal and bio-based briquettes. The locations of the 
thermocouples are illustrated in Fig. 4. The final temperature of the 
lower chamber was set to 1200 ◦C and the holding time in the final 
temperature was 12 h. N2 with a flow rate of 2 l/min was used as an inert 
gas throughout the experiment. The weight and height of the coal bed in 
each experiment was 754 g and 200 mm, respectively, resulting in a 750 
kg/m3 bulk density. The bed height was fixed with an insulation disc 
(made of aluminium oxide, Al2O3) by chocking the disc against the inner 
tube with an insulation wool i.e., the free swelling of the coal during the 
co-carbonization was obstructed. The insulation disc was perforated 
with three holes so that the ascending gases had free access to exit the 
system. A total of 27 hydrolysis lignin or hydrolysis lignin char bri-
quettes were co-carbonized with coal in each batch. The briquettes were 
placed in different locations both height wise and cross-sectionally. The 
heights from the bottom of the coal bed were 30 mm, 70 mm and 100 
mm. Cross-sectionally the briquettes were placed regularly from the 
edge to the centre of the coal bed so that the briquettes formed a shape of 

a cross as presented in Fig. 3. The described experimental arrangements 
underline that the objective was to investigate the interactions between 
coking coal and bio-based material during the co-carbonization and not 
the effect of different addition levels of bio-based materials on the 
coking blend. 

Before carbonization, the coal particle size distribution in a coking 
blend was adjusted to resemble that of an industrial blend. This was 
performed by grinding, sieving and weighing the proportion of each size 
fraction so that the particle size distribution of coal was the same as 
presented in Table 1. 

2.6. Light optical microscopy of the samples 

The briquette containing coke samples were cut perpendicularly to 
the interface between the coke and lignin briquette. The samples were 
mounted in epoxy, ground and polished for microscopy investigation. 
An Olympus BX51 (Olympus, Tokyo, Japan) light optical microscope 
equipped with a polarizing lens and a camera was used for studying and 
micrographing the samples. 

3. Results and discussion 

3.1. Hydrolysis lignin and coal 

The chemical composition of hydrolysis lignin and coking coal are 
presented in Table 2. The molar O/C ratio of hydrolysis lignin was 
0.3675 while the O/C ratio of coking coal was 0.0271. The H/C ratios of 
hydrolysis lignin and coking coal were 1.1628 and 0.7188, respectively. 
The high oxygen content of hydrolysis lignin inhibits thermoplastic 
behaviour during the carbonization [33]. High oxygen content is a 
common feature of non-treated biomass and it prevents extensive utili-
zation of biomass in a coking blend in the coke making process [33]. If 
the high oxygen and volatile matter content were left out of consider-
ation, the other chemical characteristics of hydrolysis lignin seem to be 
suitable for the coke making process. Also, the overall ash content of 
hydrolysis lignin is low which indicates a high char yield in pyrolysis. 

The ash of hydrolysis lignin contains ash components mainly from 
alkali metals and alkaline earth metal groups indicating more basic ash 
characteristics than coking coal. Also, the phosphorus percentage of 
hydrolysis lignin ash is considerably higher than that of coking coal. 

Fig. 3. Custom-made coke oven.  
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However, the high alkali and phosphorus content in ash combined with 
the low ash content of HLIG suggest that absolute load of K2O, Na2O and 
P2O5 is not particularly high in comparison to those of coal, as can be 
observed in Table 3. The total load of the compounds is calculated and 

presented as one gram of compound per one kilogram of raw material. 
General information of the coking properties of coal in this study is 

listed to Table 4. General observation of the coal was that it had “self- 
coking” capability which means, in this context, that the coal formed 
good quality coke when it was coked alone and not as a part of a coking 
blend where different coal fractions balance the coking properties of 
each other to form good quality coke. 

3.2. Lignin chars 

The yields of the solid material in pyrolysis at temperatures of 450, 
600 and 1200 ◦C were 44.40, 39.30 and 34.74%, respectively. The 
moisture content (5.3% of sample mass) was calculated from the initial 

Fig. 4. The locations of the thermocouples.  

Table 1 
Proportions of different size fractions of coal in the coking blend.  

Size fraction [mm] Proportion in the blend [m%] 

<0.5 35 
0.5–1 20 
1–2 15 
2–3.15 10 
3.15–10 18 
>10 2  

Table 2 
Chemical composition of the raw materials.   

Properties Coal HLIG 

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  

Table 3 
Absolute amounts of potassium, sodium and phosphorus oxides in Coal and 
HLIG.   

Coal HLIG  

K2O Na2O P2O5 K2O Na2O P2O5 

Percentage in ash [%]  0.94  0.38  0.47  7.70  12.10  16.10 
Total load [g/kgmat]  0.91  0.37  0.45  0.15  0.24  0.32  

Table 4 
Coking properties of coal.  

Gieseler plastometer values of coal 

Softening temperature [◦C] 422 
Temperature of max. fluidity [◦C] 459 
Re-solidification 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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sample mass for the determination of the solid dry mass yield percent-
age. After the pyrolysis, the volatile matter and fixed carbon contents of 
the materials had significantly changed as illustrated in Table 5. The 
relative content of ash also increases as the material is pyrolyzed up to 
the 600 ◦C pyrolysis temperature which was expected because the vol-
atile content decreased. However, the pyrolysis at temperature of 
1200 ◦C yielded char with a lower ash content than the pyrolysis tem-
perature of 600 ◦C. This could be explained by the devolatilization of 
alkali components (N and K) or P2O5 from the ash at over 600 ◦C. The 
fixed carbon content of all the chars were high, especially those of the 
samples L600 and L1200. The increase in pyrolysis temperature also 
shows as higher carbon content and decreased oxygen and hydrogen 
content. 

3.3. Behaviour of the materials in coking conditions 

The mass loss data of non-pyrolyzed lignin, char samples (L450, L600 
and L1200) and coking coal is presented in Fig. 5. The first derivative of 
the mass loss i.e., the mass loss rate of the samples is presented in Fig. 6. 
The softening temperature, re-solidification temperature and tempera-
ture of maximum fluidity of the coking coal are illustrated in both fig-
ures, Fig. 5 and Fig. 6. The highest percentual mass loss was observed 
from the TG-curve of the HLIG sample (65.95%) during the coking 
process while L1200 showed the lowest mass loss (1.61%). The differ-
ence in behaviour of HLIG and L450, L600 andL1200 chars in the co- 
carbonization process with coking coal can be easily observed. The 
majority of the mass loss of HLIG occurs before the coal thermoplastic 
phase generating a substantial amount of oxygen-rich substances which 
will further modify the development of the coal fluidity [17,33]. This 
can be also observed from the mass loss rate curve of the HLIG sample in 
Fig. 6. On the other hand, the majority of the mass loss of chars L450 and 
L600 occurs after the coal thermoplastic phase. The mass loss of the 
L1200 sample occurs throughout the coking process and no observable 
peaks in mass loss during the coking process can be found. 

The maximum fluidity of the coking coal was measured at 459 ◦C 
while the peak in mass loss rate during the carbonization can be found at 
469 ◦C (Fig. 6). The highest mass loss rate can be found from the ther-
mogravimetric data of HLIG. The peak in the mass loss rate of HLIG was 
at 333 ◦C which is 89 ◦C less than the softening temperature of coking 
coal (422 ◦C). In a co-carbonization process this will lead to excessive 
amount of oxygenous substances in the system in the beginning of the 
coal thermoplastic phase. This will further lead to a viscous, low fluid 
system, and thus a disordered and weak structure of the resulting coke 
[17]. The peaks in the mass loss rate of the char samples are noticeably 
smaller than that of the HLIG sample. Also, the location of the peaks of 
char mass loss rate can be found from a higher temperature range as the 
char pyrolysis temperature is increased. This means that most of the 
volatile matter of the chars is released after the coke re-solidification 
which may lead to the development of porosity in the coke structure 
as the gaseous compounds of chars are released. On the other hand, the 
beginning of the development of the mass loss rate peaks of L450 and 

L600 chars occur simultaneously with the ending of the mass loss rate 
peak of coking coal indicating that there are biochar and coal originating 
gaseous substances in the system and thus possible interaction between 
the two materials during the co-carbonization [23]. L1200 did not show 
any considerable peaks in mass loss rate during the co-carbonization. 

3.4. Mass spectrometry of the released gases during the coking process 

The total oxygen content of bio-derived gases is not the only factor 
affecting coal fluidity. Actually, the type of oxygen functionality is re-
ported to be the dominant factor in the modification of the development 
of coal fluidity. According to earlier findings, syringol (2,6-dimethox-
yphenol) is a good representative of the modifying effect of lignin on 
coal fluidity [17]. This could be the case with hardwood lignin. How-
ever, in the case of softwood lignin, the relative syringol content in the 
thermal degradation is reported to be considerably lower than in the 
thermal degradation of hardwood lignin [32]. The typical groups of 
compounds in thermal degradation of softwood lignin were guaiacol (2- 
methoxy-phenol), syringol, phenols (phenol and 1,2,3-benzenetriol), 
catechol (1,2-benzenediol) and aromatic hydrocarbons, with guaiacol 

Table 5 
Ultimate and proximate analysis of the bio-based materials.   

Properties HLIG L450 L600 L1200 

Total Moisture (105 ◦C) [m 
%]   

5.3  1.25  0.66  0.3 

Ultimate analysis [m%], db C  62.1  83.25  87.10  96.23  
H  6.06  3.96  2.15  0.09  
O  30.4  9.74  7.39  2.16  
N  1.04  1.17  1.23  0.16  
S  0.13  0.00  0.00  0.00 

Proximate analysis [m%], 
db 

Volatile 
matter  

66.26  18.22  7.99  1.43  

Ash content  0.2  1.89  2.13  1.36  
Fixed Carbon  33.54  79.89  89.88  97.21  

Fig. 5. TG-curve of the materials in the coking process.  

Fig. 6. Mass loss rate of the materials during the coking process.  
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being the major type [32]. In this study, the reported thermal degra-
dation products are identified from the mass spectrometry signal. The 
signal peaks of guaiacol, syringol, phenols and catechol in thermal 
degradation of HLIG are presented in Fig. 7. The signals with m/z of 39, 
65, 66, 94 were chosen to correspond with phenol, m/z 52, 80, 108 and 
126 for 1,2,3-benzenetriol, 64, 81, 92 and 110 for catechol, 53, 81, 109 
and 124 for guaiacol and 93, 96, 111 and 139 for syringol. The signals 
are normalized to 100% to illustrate the main peak of the signals at the 
same temperature. As can be seen, the chosen signals of each group of 
compounds are not completely identical which is assumed to result from 
the overlapping of release of compounds that produce similar m/z sig-
nals in MS. The release of the compounds peak at the temperature range 
of 360–375 ◦C. The peak of phenols (phenol and 1,2,3-benzenetriol) can 
be found at 360 ◦C while the release of catechol, guaiacol and syringol 
peak at 375 ◦C. The stabilization of the peaks mainly occurs prior to 
450 ◦C which means that these compounds were released in the pyrol-
ysis of L450, L600 and L1200 chars. This was confirmed by the MS re-
sults of the char thermal degradation products which indicated that the 
compounds presented in Fig. 7, were not released in the coking process 
of the chars. The result suggests that the fluidity development of the coal 
is not modified by the chars in co-carbonization. The devolatilization 
products from coking coal and the absorption or adsorption behaviour of 
these products to biochar were not investigated within this work 
because the amount of biochar briquettes was so small, thus the ab-
sorption or adsorption was considered have only minor effect on fluidity 
development. However, these phenomena were addressed as the bio- 
based material was briquetted before the addition to the coking blend 
for reducing the surface area of the bio-based additive. 

3.5. Cokes 

The cokes from the co-carbonization of HLIG, L450, L600 and L1200 
with coking coal are presented in Fig. 8. All the cokes were well formed. 
However, the co-carbonization of HLIG and L1200 samples with coking 
coal yielded more large cracks in the coke structure than the co- 
carbonizations of L450 and L600 samples with coal. This can be 
observed from the Fig. 8 as the cokes containing HLIG and L1200 came 
out of the coking process in smaller and more numerous pieces than 
cokes containing L450 and L600 chars. This is suggested to result from 
two different factors. In the case of HLIG the gaseous compounds that 
are generated from the thermal degradation of lignin are previously 
reported to inhibit the coal fluidity, thus leading to the disordered 

structure of the resulting coke [17]. The local fluidity inhibition may 
have created local weak points in the coke structure near the HLIG 
briquettes. In the case of L1200 char, the char briquettes are seemingly 
separate from the surrounding coke structure. This observation could 
mean that there has not been interaction between the L1200 and coking 
coal during the co-carbonization, thus leading two separate solid phases 
in the resulting coke. This leads to local weak points that originate from 
the interfaces of the L1200 and coke which further lead to the formation 
of cracks. 

The micrographs of the coke and bio-based briquette interfaces are 
presented in Figs. 9, 10, 11 and 12. The interface of coking coal and 
HLIG is presented in Fig. 9. The coke seemingly has a joint interface with 
the HLIG along the entire interface of HLIG. The result indicates good 
interaction between the materials in the coking process. Other than that, 
a large quantity of porosity can be observed near the interface of coke 
and HLIG which may be a result of the inhibition of fluidity by the 
gaseous compounds released from the thermal degradation of HLIG. 

The micrographs of L450 containing coke are presented in Fig. 10. 
L450 and the surrounding coke have considerably less joint interface in 
comparison to HLIG and coke in Fig. 9. The joint interface of L450 and 
coke can be found at the corners of the L450 briquette while the rest of 
the L450 interface is separate from the coke structure. Similar to the 
structure of HLIG containing cokes, the structure of L450 containing 
cokes is highly porous near the L450 briquette. It was found in the MS 
and TG analysis of L450 that the gases released from L450 do not 
considerably affect the fluidity development of coking coal. However, 
the gases released after coal solidification may have increased the for-
mation of porosity near the L450 briquette. Moreover, the adsorption of 
coal tarry substances occurs on the biochar surface forming a layer of 
coke, but this phenomenon is not observed from the voids of L450 
briquette. This suggests that the absorption of the devolatilization 
products of coal and further adsorption of these products on the void 
surface does not occur in the co-carbonization. 

The micrographs of L600 containing cokes are presented in Fig. 11. 
L600 and the surrounding coke seemingly have a joint interface as there 
is a layer of coke attached to the L600 briquette. However, the coke layer 
on the L600 briquette is followed by a void that separates the coke 
structure from the L600 briquette. This is suggested to be a result of 
dilatation and shrinkage behaviour of the L600 briquette in the coking 
process. This was further investigated with an optical dilatometer. Other 
than that, the structure of the coke near L600 briquette is less porous 
than the structures of HLIG and L450 containing cokes. The majority of 

Fig. 7. Major compounds of HLIG thermal degradation.  
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the mass loss of L600 occurs after the coal re-solidification in the coking 
process, which is also the case with L450, and thus the effect of these 
chars on the development of coke structure could be assumed to be 
similar. However, the percentual mass loss of L450 after the coal re- 
solidification temperature (490 ◦C) is considerably higher (15.02%) 
than that of L600 (7.39%), and thus the effect of gas release from L450 
on the development of porosity on the structure of coke is stronger. 

The micrographs of L1200 containing coke are presented in Fig. 12. 
Two separate L1200 briquette surfaces and coke in between the L1200 
briquettes can be observed from the micrographs. The coke is well 
formed, and the structure does not contain considerably large pores near 
the L1200 briquettes. When it comes to the interaction between coal and 
L1200 briquettes, the interaction can be stated, based on the micro-
graphs, to be slight or non-existent i.e., the coke structure and the L1200 

Fig. 8. Cokes.  

Fig. 9. Micrographs of HLIG containing coke.  
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char briquette did not have a joint interface along the entire interface of 
L1200. This is in line with previously reported results of coal and 
biomass interaction [21,23] and the TGA results of this work. Castro- 
Díaz et al., [23] did not find solid–solid interaction between biomass and 
coking coals during the co-carbonization process. However, they sug-
gested that there is gas–solid and/or liquid–solid interaction between 
the coal and the biomass based on the changing of viscoelastic behaviour 
of coal during the carbonization when biomass was present in the coking 
blend. Similar findings were also reported by Kastanaki et al., [21]. They 
concluded that there was no solid–solid interaction between lignite and 

biomass during the thermal conversion, but they could not rule out the 
possibility of gas–gas or gas–solid interaction. Furthermore, Jones et al., 
[22] concluded that the residence time of gaseous products in the 
reactor during the thermal conversion of coal and biomass blends is 
important when considering the interaction between the materials. In 
the case of short residence time the interaction between the particles 
become dependent on the overlapping of relative pyrolysis rates, 
particle-volatile contact and particle–particle contact [22]. According to 
the results of co-carbonizations of this work, the assumption could be 
that the overlapping of devolatilizations of different materials is 

Fig. 10. Micrographs of L450 containing coke.  

Fig. 11. Micrographs of L600 containing coke.  
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essential for interaction i.e., the interaction of the materials occur via the 
gas phase. 

To sum up the observations made of the micrographs of the in-
terfaces of coke and bio-based materials, together with the TGA test 
results it can be said that the biochar should have overlapping of the 
devolatilization stage with coal to interact with each other i.e., the in-
teractions occur via gas–gas phases. The other thing affecting on the 
interaction could be the porosity of the bio-based material. Previously 
the L1200 biochar has been found to have low surface area in compar-
ison to chars L450 and L600 [27], thus in the case of L1200 the plasti-
cizers from coal have less active sites to react with within the coal plastic 
phase [17–19,24]. In the case of L450 and L600, the adsorption of the 
tarry substances from coal to biochar is suggested to occur, thus forming 
a coke layer on the surface of these biochars. However, the effect of 
adsorption on the coal fluidity is suggested to be low in comparison to 
the effect of releasing volatiles. This conclusion is drawn based on the 
micrographs showing that L450 containing coke have more porous and 
open structure near the biochar briquette while the structure of L600 
containing coke is similar to that of L1200 containing coke. Also, pre-
viously the specific surface area of L600 biochar is reported to be higher 
than that of L450 [27]. Based on the coke structure near the bio-based 
briquettes and the appearance of the produced cokes, the assumption 
is that L600 biochar had the least harmful effect on the coke properties. 

3.6. Optical dilatometry of the bio-based briquettes 

The dilatation and shrinking behaviour of non-pyrolyzed and pyro-
lyzed hydrolysis lignin briquette samples during the thermal treatment 
of the coking process are illustrated in Fig. 13. The volumes of the 
samples are calculated according to eq. (1). The shrinking of the HLIG 
sample began at 200 ◦C and continued until the temperature reached 
900 ◦C. However, the shrinking of the HLIG was only minor in the 
temperature range of 450–900 ◦C while most of the shrinking occurred 
in the range of 200–400 ◦C which is before the coal thermoplastic phase. 
This is suggested to be one considerable factor on why the HLIG, and 
surrounding coke structure had that much joint interface after the co- 
carbonization. HLIG also experienced dilation at the end of the experi-
ment but the dilation was only minor. 

The behaviour of the char samples differed considerably from the 
HLIG sample. The volume of the char samples started changing after the 
coal re-solidification temperature which is quite the opposite from the 
behaviour of the HLIG sample. L450 char had a shrinking period 
approximately from 500 ◦C to 850 ◦C after which the sample started 
dilating. After a quick dilation from 850 ◦C to 900 ◦C the volume change 
of the L450 sample remained relatively stable until the final temperature 
of 1200 ◦C. The behaviour of L600 and L1200 were relatively similar 
throughout the whole experiment. The volume of these char samples 
remained steady until the temperature of 700 ◦C after which both 
samples experienced slight dilation until the temperature of 1200 ◦C. 
According to Fig. 13 the volume of L600 seems to be oscillating 
throughout the experiment but this is considered to be a consequence of 
the inaccuracy of the optical dilatometry measurement method. 

After the optical dilatometry experiment, the height and diameter of 
the samples were measured. The volume of the HLIG, L450, L600 and 
L1200 samples were 0.47, 0.87, 1.11 and 1.14 times the original volume 
of each sample in the final temperature (1200 ◦C) of the experiment, 

Fig. 12. Micrographs of L1200 containing coke.  

Fig. 13. Dilatation and shrinking during the thermal treatment.  
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respectively. The post-experiment measurements revealed that all the 
char samples shrunk when they cooled down to room temperature from 
the final temperature of the experiment. On the other hand, coal dilates 
and solidifies before the dilatation of chars. These results suggest that 
the L600 and L1200 char briquettes stretch the structure of coke in the 
dilation stage and in the following shrinking stage the coke structure 
does not follow the contraction of the char briquettes. In the case of L600 
this leaves a layer of coke on the briquette interface at the locations 
where gas–gas, and gas-particle interactions have been present. The 
coke layer is followed by a void which is suggested to be formed when 
the briquette has detached from the main structure of the coke. L1200 on 
the other hand, did not have an overlapping of pyrolysis rate with coal 
during the co-carbonization, and thus the interaction has only been 
minor between the two materials. This further led to the formation of the 
void between the coke and the briquette without a layer of coke on the 
briquette surface. These findings are against the conclusion of previous 
study where the coke contraction was suggested to be the reason for void 
formation between coke and biochar [26]. The micrographs of the char 
containing cokes also suggest that the particle contact has only minor to 
negligible impact on the interaction between the biochar and coking 
coal, and thus the interaction between the materials occurred through 
the gas phase in the co-carbonization systems. 

4. Conclusions 

Co-carbonizations of coking coal with hydrolysis lignin briquettes 
and hydrolysis lignin char briquettes were investigated in this work. 
Three different pyrolysis temperatures, 450, 600 and 1200 ◦C were 
applied in slow pyrolysis of hydrolysis lignin briquettes, thus yielding 
three different types of chars. The materials were co-carbonized in a 
custom-made laboratory-scale coke oven. 

The interactions between the materials in co-carbonizations were 
investigated by thermogravimetric analysis, mass spectrometry, light 
optical microscopy of the interfaces of the co-carbonized materials, and 
the behaviour of the materials in the coking process was verified by 
optical dilatometry of the bio-based briquettes. 

Thermogravimetric analysis revealed that HLIG, L450 and L600 had 
overlapping pyrolysis rates with coal in different points of the coal 
thermoplastic phase. Based on the micrographs, these were also the 
samples that had observable interaction with the coking coal during the 
co-carbonization. L1200 on the other hand did not have overlapping 
pyrolysis rates with the coking coal and the micrographs further 
revealed that L1200 and the surrounding coke structure did not have a 
joint interface. The differences between interfacial interactions of 
different biochars with coal can also be partially explained by the 
different porosities and surface areas of the chars. Although the ther-
moplastic properties of coal were suggested to be fairly unharmed 
because of the absorption or adsorption of the plasticizers from the coal 
to biochar, the effect of adsorption may be related to better interfacial 
interaction between coal and biochar. 

The coke structure near HLIG and L450 briquettes was found to be 
highly porous which could be a consequence of releasing volatiles from 
HLIG and L450 before, during and after the plastic phase of the coal. 
This kind of porosity development could not be found from the samples 
of co-carbonization of coal with L600 or L1200. In the co-carbonization 
of coal and HLIG, the porosity development was caused by the release of 
gaseous compounds from HLIG that inhibit the coal fluidity develop-
ment. In the co-carbonizations of coal with L450 and L600, the majority 
of the volatiles from the biochars was released after the coal re- 
solidification temperature. However, the mass loss of L450 (15.02%) 
was significantly higher than that of L600 (7.39%) after coal re- 
solidification temperature (490 ◦C), thus the effect of gas release from 
L450 on the development of porosity of coke was stronger. 

The micrographs revealed a formation of voids between coke-L600 
and coke-L1200 structures which has been earlier explained to result 
from contraction of coal. However, in this work the voids were not 

formed between coke-HLIG and coke-L450 structures, thus the forma-
tion of voids was related to dilatation and following contraction of L600 
and L1200 biochars. This is also supported by the dilation of L600 and 
L1200 to 1.11 and 1.14 times the original sample volume during the 
carbonization, respectively. Meanwhile, the HLIG and L450 samples 
contracted during the carbonization to 0.47 and 0.87 times the original 
volume of the samples, respectively, which further support this 
conclusion. 
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