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A B S T R A C T   

Understanding the conversion behaviors of biocarbon under conditions relevant to industrial conditions is important to ensure proper and efficient utilization of the 
biocarbon for a dedicated metallurgical process. The present work studied the reactivity of biocarbon by using a Macro-TGA at 1100 ◦C in a gas mixture of CO2 and 
CO to simulate the conditions in an industrial closed submerged arc manganese alloy furnace. The conversion residues from the Macro-TGA tests were collected for 
detailed characterization through a combination of different analytical techniques. Results showed that biocarbons produced under various conditions have different 
reactivities under the studied conditions. The biocarbon produced in an atmospheric fixed bed reactor with continuous purging of N2 has the highest reactivity. Its 
fixed carbon loss started as the gas atmosphere shifted from the inert Ar to a mixture of CO and CO2 at 1100 ◦C. And only 450 s was needed to reach a desired fixed- 
carbon loss of 20%. The high reactivity of the biocarbon is mainly related to its porous structure and high content of catalytic inorganic elements, which favor 
gasification reactions of the carbon matrix towards the surrounding gas atmosphere and consumption of carbon consequently. In contrast, biocarbon produced under 
constrained conditions and from wood pellets and steam exploded pellets have more compact appearance and dense structures. Significant fixed carbon loss for these 
biocarbons started 80–200 s later than that of the biocarbon produced at atmospheric conditions with purging of N2. Additionally, it took longer time, 557–1167 s, for 
these biocarbons to realize the desired fixed-carbon loss. SEM-EDX analyses results revealed clear accumulation and aggregation of inorganic elements, mainly Ca, on 
the external surface of the residues from gasification of biocarbon produced in the fixed bed reactor with purging of N2. It indicates more intensive migration and 
transformation of inorganic elements during gasification at this condition. This resulted in formation of a carbon matrix with more porous structure and active sites 
on the carbon surface, promoting the Boudouard reaction and conversion of carbon.   

1. Introduction 

The anthropogenic emissions of greenhouse gases have reached a 
historically high level and is considered as the main reason for global 
warming. With consideration of increasing demands for energy, power 
and materials, it can be expected that the greenhouse gas emissions from 
human activities will continue to increase, leading to even more severe 
changes in the global climate [39]. Metal production is one of the most 
energy and carbon-intensive industrial processes. Fossil carbon is used 
as a source of carbon, and in some metallurgical processes, energy, for 
metal production, and is responsible for a large amount of direct CO2 
emissions annually. To decrease the emissions, several measures have 
been considered, developed and tested, including implementing of 
breakthrough technologies, replacement of fossil carbon with carbon 
from renewable sources (i.e., biocarbon), capture and storage of CO2 and 
increased energy and material utilization and recovery efficiency 
[41,42,54]. In comparison to other measures, usage of biocarbon for 

metal production has been considered as a promising and straightfor-
ward way to reduce dependency on fossil carbon and emissions of 
greenhouse gases in a short time. The usage of biocarbon in metallur-
gical applications can reduce CO2 emissions from the metal production 
processes to the environment and dependence on fossil carbon [42]. In 
addition, biocarbon can be produced from different bio-based materials 
derived from waste streams. Therefore, production and utilization of 
biocarbon can also help to realize management and conversion of waste 
to valuable products, which leads to more social and economic benefits 
[53]. 

The biocarbon for metal production is normally produced through 
carbonization, or slow pyrolysis, of biomass materials. The yield and 
properties of the biocarbon heavily depend on the source of feedstock 
and production conditions [44]. Currently, woody biomasses are used as 
main raw feedstocks for biocarbon production, due to their high avail-
ability and rather consistent properties [41,42]. Properties of the bio-
carbon produced from woody biomass are normally superior to those 
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produced from other biomass materials, including relatively low ash 
content, high bulk and energy density and better mechanical properties 
[49]. Production conditions can also significantly affect pyrolysis be-
haviors, mass and carbon conversion efficiency and characteristics of 
biocarbon. Mass yield and fixed-carbon content of the biocarbon pro-
vided by conventional production processes are generally low, partly 
due to limited control of the carbonization process. This increases 
feedstock consumption, logistics and reduces biocarbon value chain 
profitability. Studies have been conducted to investigate the possibility 
to manipulate process conditions to improve the yield of solid biocarbon 
and the fixed carbon content of it [22,21,26,45,50]. The results showed 
that improvement of biocarbon and fixed-carbon yield can be realized 
by extending the residence time of pyrolysis vapors, using large parti-
cles, increasing carbonization pressure etc. This promotes secondary 
reactions that enhance tar cracking and recondensation onto the char-
ring particles, thereby increasing yields of biocarbon and fixed carbon 
[12,38,45,50]. As used for metallurgical applications, quality of the 
biocarbon is closely related to physio-chemical properties of the bio-
carbon. However, properties of the biocarbon can be significantly 
different, when produced from different biomass materials and under 
different conditions. Therefore, detailed analysis and assessment of 
biocarbon properties are primary steps to ensure proper and efficient 
utilization of biocarbon in a specific metallurgical process. The analyses 
results are also important to predict behaviors of the biocarbons when 
they act as reductant and to assess effects of them on metal production 
processes. 

In the production of metal (e.g., ferromanganese), the carbon 
reductant enters from the top of the smelting furnace. A schematic 
drawing of such a furnace showing also possible conversion reactions of 
the carbon reductant in the furnace can be found in Lindstad’s work 
[24]. The solid carbon reductant flows downwards and passes through a 
pre-reduction zone with elevated temperatures and mixtures of gases (i. 
e., CO and CO2) and volatilized species (e.g., K, which acts as a catalyst), 
before it reaches the slag zone in the furnace bottom to react with metal 
ores [16,17,24]. During this process, the carbon reductant normally 
undergoes reactions during the processes of drying, devolatilization, 
calcination and gasification [15]. Some of the reactions can overlap and 
the extents of the them are related to local conditions and progressing 
property changes of reductant particles [24]. The high reactivity of the 
carbon reductant towards surrounding gases are undesirable in e.g., 
manganese alloy production, since it causes considerable consumption 
of carbon and heat in the upper part of the furnace, which often is 
related to significant CO2 emissions as well [17]. In addition to the 
chemical reactions, during the movement, the carbon reductant also 
undergoes mechanical actions such as crushing and extruding, resulting 
in fragmentation of the original reductant particles and formation of 
fines. The fines originating from the carbon reductant in the lower part 
of the furnace tend to flow further down and accumulate in the slag zone 
at the bottom of the furnace or travel upward in the furnace [18]. The 
fines escaping from the furnace is related to loss of carbon that thus does 
not involve in chemical reactions with metal ores. In addition, formation 
of a large amount of fines can arise risk of explosion and cause down-
stream operational problems such as clogging of pipes [33]. Moreover, 
the carbon reductant particles with small sizes react in a short time and 
cannot reach the slag zone, contributing to loss of carbon reductant. All 
the chemical reactions and mechanical actions cause degradation and 
consumption of the carbon reductant in the pre-reduction zone. There-
fore, it is necessary to investigate and assess conversion behaviors and 
reactivity of biocarbon under industrial relevant conditions. 

Gasification leads to degradation and change of physio-chemical 
properties of the carbon reductant as it descends through the smelting 
furnace. Gasification of industrial coke has been investigated under CO2 
atmosphere because it is more prevalent in the metal production pro-
cesses[6,10,31]. Gasification reactivity of the carbon reductant is one of 
the most important parameters to assess and evaluate regarding per-
formance of it in the metallurgical processes[56]. The ASTM Standard 

for measuring CO2 reactivity of carbon reductant for metal production is 
conducted in a 100% CO2 atmosphere at 1100 ◦C. Studies by using 
thermogravimetric analysis (TGA) systems or setups with similar prin-
ciples have been conducted to investigate conversion behaviors of the 
coke and correlate reactivity of the coke with its critical properties 
[10,14,31]. However, as approaching the lowest part of the pre- 
reduction zone, the temperature is about 1000–1400 ◦C with a 
mixture of CO2 and CO around the carbon reductant. Better under-
standing of conversion behaviors of the biocarbon under such compli-
cated conditions are critically important. Therefore, reactivity of carbon 
reductants, mainly ordinary metallurgical coke, has been tested in an 
atmosphere of 75% CO and 25% CO2 or 50% CO and 50% CO2, at 
800–1100 ◦C by using a thermobalance apparatus. The results showed 
that the coke has low reactivity under studied conditions up to 1000 ◦C. 
As the reaction temperature is over 1000 ◦C, there was evident increase 
of reactivity with increase of partial pressure of CO2 [24,56]. However, 
studies of reactivity of biocarbons under industrial relevant conditions, 
i.e., high temperature and in a mixture of CO and CO2, are seldom. 
Kaffash et al. studied reactivity of industrial biocarbon in a gas mixture 
of 50% CO2 and 50% CO and a temperature of 1070 ◦C in a thermog-
ravimetric analyser (TGA). The main focus of the work was to study the 
effect of densification of biocarbon by methane deposition on its reac-
tivity under studied conditions. One metallurgical coke was also studied 
for comparison purpose. The results showed that the studied biocarbons 
have evidently higher reactivities than that of metallurgical coke. The 
difference is mainly due to that the biocarbon, compared to the coke, has 
high surface area/porosity and content of catalytic ash elements and 
more reactive carbon structure [16,17]. Densification treatment by 
depositing carbon from methane decreased reactivity of the biocarbon. 
However, as industrial biocarbons were used in these studies, no infor-
mation was reported regarding source of raw biomass and process pa-
rameters for producing them. It was therefore not possible to correlate 
biocarbon production conditions and their reactivity. Therefore, the 
results are less useful for designing processes to produce biocarbon with 
desired properties for metal production processes. In addition, past 
research focused mainly on studying gasification behaviours of bio-
carbon, while characteristics of the biocarbon after gasification tests 
were rarely provided. However, the properties of the biocarbon after 
passing through the pre-reduction zone can be significantly different to 
those of the initial biocarbon fed into the furnace. The partially reacted 
biocarbon is the final carbon mass that will meet and react with metal 
ores in the slag zone. This part of the biocarbon will play a decisive role 
to determine metal reduction efficiency and affect quality of the metal 
products. Better understanding and detailed characterization of the 
gasified biocarbon are crucial for improving performance of it as 
reductant for metal production. 

In this study, biocarbons were produced under different conditions 
and from different feedstocks with different physio-chemical properties. 
Gasification reactivity of the produced biocarbon were studied by using 
a macro thermogravimetric analyser (Macro-TGA) at 1100 ◦C in a gas 
mixture of CO and CO2. Critical properties of raw biocarbon and reacted 
biocarbon after gasification tests were investigated including element 
composition, content of inorganic elements, microstructure and micro-
chemistry and mechanical strength. The main objectives of the current 
work are to (1) study gasification behaviours of biocarbon under in-
dustrial relevant conditions, which were produced under different pro-
cess parameters, and (2) conduct detailed characterization of the 
conversion residues. 

2. Experimental 

2.1. Biomass feedstock 

In this work, birch wood chips, spruce wood pellets and steam- 
exploded pellets were used for biocarbon production. A birch tree was 
harvested in southern Norway and shredded into chips with sizes of 2–4 
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cm. The birch wood chips were then dried in a drying oven for 12 h 
before the carbonization experiment. As used for metallurgical appli-
cations, biocarbon with high carbon content and low reactivity is 
desired. Pelletization of woody biomass materials is an efficient measure 
to improve quality of the woody biomass, for enhancing homogeneity 
and energy and bulk density. Steam explosion combined with pelleti-
zation is another efficient way that can further upgrade woody biomass 
into a high-quality solid commodity [52]. In addition, biomass pellets, 
compared to wood chips, with rather uniform sizes and properties are 
also easier for handling, transportation and storage. It is expected that 
the biocarbon produced from wood pellets and steam-exploded pellets 
preserve a dense structure and low porosity, and can be sources of 
carbon for metal production processes. Therefore, for broadening bio-
based sources for biocarbon production, wood pellets (white pellets) and 
steam-exploded pellets were studied in the current work. Both pellets 
have a diameter of 8 mm with a length of about 65 mm. 

2.2. Biocarbon production 

The biocarbon samples for the Macro-TGA gasification reactivity 
tests were produced under different conditions. The first group of bio-
carbon samples was produced by using an apparatus comprising a ver-
tical tubular fixed-bed reactor, a condenser and a gas monitoring system. 
For one biocarbon production experiment, the pre-dried wood chips or 
pellets were first placed into the vertical tubular reactor, about 700g, 
respectively. After loaded with the sample, the tubular reactor was 
sealed and placed inside an electrical furnace, which was then connected 
to the gas supply and monitoring system and the condenser. The elec-
trical furnace has three heating zones. The temperature in the reactor 
was controlled and monitored by three thermocouples along the length 
of the electrical furnace. Before start of one experiment, N2 gas flows 
into the tubular reactor from the bottom with a flow rate of 2 L min− 1 as 
purge gas to flush away residual air and generate an inert atmosphere, 
avoiding possible oxidization and ignition of the sample during the 
heating up stage. After purging with the nitrogen at room temperature 
for 1 h, the sample was heated up to 500 ◦C at a heating rate of 10 ◦C 
min− 1, and was kept at this temperature for 1 h. During running of one 
experiment, volatiles and tarry vapors that are generated due to 
decomposition of the biomass feedstock, leave the reactor and reach the 
condenser. The condensable fractions of volatiles and tarry vapors were 
collected by the condenser and the incondensable fraction further flow 
through filters and its composition was monitored continuously by a 
micro gas chromatograph (Varian Cp-4900), equipped with two in-
jectors connected to individual columns. 

It has been widely reported that the yield and properties of products 
from carbonization of biomass are considerably affected by process 
conditions and characteristics of biomass feedstock [30,29,28,50]. The 
carbonization conditions, including the highest heating temperature, 
heating rate, purge gas flow rate and pressure, are critical to determine 
distribution and properties of the products from the carbonization of 
biomass. One of the main objectives of the biocarbon production ex-
periments was to study the effect of pyrolysis conditions on yields and 
properties of the products, focusing on enhancing the yield of fixed 
carbon. Therefore, the biocarbons were produced using the tubular 
reactor with two different atmospheres, with and without using of ni-
trogen as purge gas. For the experiment performed under a nitrogen 
atmosphere, the purge gas flow rate was set to 2 L min− 1, which gen-
erates an inert atmosphere during one pyrolysis experiment. For the 
experiments conducted without purging of N2, it enables extending the 
residence time of the volatiles and tarry vapours and consequently 
promotes secondary reactions of them. It improves yield and alters 
properties of the produced solid biocarbon. Different from the experi-
ments conducted with purging of N2, the pyrolysis of one sample will 
take place in presence of gases (i.e., CO2, CO, CH4) that are generated 
due to decomposition of the sample at elevated temperatures. For 
further prolonging residence time of the volatiles in the reactor, a lid was 

put on the top of the biomass sample bed. The distance between the rim 
of the lid and the internal tubular reactor surface was about 2 mm. In 
addition to linear heating experiments, one staged heating experiment 
was carried out for comparison purpose. After initial purging with N2 for 
1 h, the birch wood chips were heated up to 350 ◦C with a linear heating 
rate of 10 K/min and kept at this temperature for 1 h. Then the chips 
were further heated up to 500 ◦C with the same heating rate. For all 
experiments conducted with and without purge gas, after the sample 
was heated up to 500 ◦C and with sufficient holding time, the electricity 
to the furnace was shut off and the reactor was cooled down with 
continuous purging of nitrogen gas. As the reactor was cooled down to 
room temperature, the solid biocarbon and liquid condensates were 
collected and weighed, and were then stored for further characterization 
and testing purpose. 

The second group of biocarbon samples were produced under pres-
sure by using the flash carbonization reactor at the University of Hawaii. 
The reactor and normal operation procedures were described in our 
previous work, and only a brief introduction is given here [44]. For one 
flash carbonization experiment, pre-dried birch wood chips were 
weighed and placed in a canister. The canister was then loaded into a 
vessel that was sealed and pressurized with air to a set value. After the 
pressure in the reactor reaches the desired value, the loaded birch wood 
chips were ignited by an electrical heating coil at the bottom of the 
reactor [50]. The ignitor was turned off after 6 min ignition time. 
Following the ignition, compressed air was delivered from the top of the 
reactor and flowed downward through the feedstock bed [45]. At the 
same time, ignition induced flash fire of the feedstock and the flame 
front moved upward and against the flow of air, resulting in the con-
version of the feedstock into biocarbon. The pressure in the reactor was 
continuously monitored and maintained at a preset value by a pressure- 
reduction valve located downstream of the reactor. After sufficient air 
was delivered to carbonize the wood, the airflow was halted and the 
reactor cooled down. In the present work, the birch wood chips were 
carbonized at pressures of about 7.9 and 21.7 bar. More details about the 
pressurized carbonization experiments can be found in our previous 
work [45]. In total, seven biocarbon samples were produced for the 
Macro-TGA gasification reactivity study, including birch wood bio-
carbon produced at 500 ◦C with purging of N2 (BC-500-P), birch wood 
biocarbon produced at 500 ◦C without purging of N2 and with a lid (BW 
500-NPL), birch wood biocarbon produced via staged carbonization 
without purging of N2 (BW 350–500-NP), wood pellets carbonized at 
500 ◦C without purging of N2 (WP 500-NP), steam exploded pellets 
carbonized at 500 ◦C without purging of N2 (SP 500-NP), birch wood 
biocarbon produced under pressure of 7.9 bar (BW-7.9 bar), and birch 
wood biocarbon produced under pressure of 21.7 bar (BW-21.7 bar). 

2.3. Macro-TGA reactivity test 

The reactivity tests were conducted by using a Macro-TGA with 
controlled temperature and gas atmosphere, as is schematically shown 
in Fig. 1 The main components of the Macro-TGA are an electric cylin-
drical furnace, a Mettler Toledo PB 1502 balance (with an accuracy of 
0.1 g), and a crucible. The temperature of the furnace was controlled by 
a thermocouple connected to a Eurotherm 2408 controller that is 
controlled and monitored continuously. For one gasification experi-
ment, 20 g of biocarbon was first loaded in the crucible on a ceramic 
perforable plate. Then the crucible was further hooked up with the 
balance. After samples loading, the furnace is hoisted and purged with 
argon for half an hour to flush away residual air. Then the data logger is 
started and the furnace is heated up from room temperature to 1100 ◦C. 
The sample was held at this temperature for half an hour. Then a gas 
mixture of 50% CO2 and 50% CO was fed with a flow rate of 4 Nl/min 
into the furnace. The change of sample weight, the temperature in 
middle of the sample bed and the off-gas composition were continuously 
measured and logged. During the heating up from room temperature to 
1100 ◦C with a heating rate of 10 K/min and a further half-hour holding 
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time at this temperature, devolatilization of the biocarbon takes place 
and the devolatilized biocarbon mainly contains carbon and small 
amounts of inorganic elements. The weight change during the following 
gasification of one sample is mainly due to loss of fixed carbon. In 
addition, it is necessary to collect partially gasified biocarbon for further 
characterization and comparison purposes. Therefore, as a weight loss 
corresponding to 20% of the fixed carbon was reached, the experiment 
was stopped with turning off the power to the furnace. The CO/CO2 
mixture was then replaced with argon and the furnace cooled down 
gradually. As the crucible temperature reached 50 ◦C, the logging was 
stopped, the argon flow was turned off, and the remaining biocarbon 
was collected and weighed. The gasification temperature and atmo-
sphere were selected with considering the relevance for industrial-scale 
metal production processes. For example, in a smelting furnace to pro-
duce manganese alloy, the charge, including the carbon reductant, fed 
from the top of the furnace will flow downward through the pre- 
reduction zone before meeting the metal ore. In the end of the pre- 
reduction zone, the charge temperature is often typically around 
1250 ◦C while the gas flowing upwards typically has a temperature of 
around 1400 ◦C. The Boudouard reaction of the carbon reductant takes 
place with presence of both CO2 and CO in this gas surrounding the solid 
carbon reductant. The Macro-TGA setup has been used for studying 
reactivity of carboneous reductant in previous studies [16,17,24]. 

2.4. Characterization of raw and reacted biocarbon 

2.4.1. General properties of biomass and produced biocarbon 
Proximate analysis of pre-dried biomass and produced biocarbon 

samples was conducted in accordance with ASTM standard D1762-84. 
The dried sample, after the moisture content was measured, was 
loaded in a covered crucible and heated up to 950 ◦C for 11 min to 
determine the volatiles content and thereafter for determining the ash 
content, to 750 ◦C for 8 h (uncovered crucible). The sample weight 
differences before and after heating was determined as volatile matter 
content and ash content. The difference between the weight of the 
original sample and the sum of volatile matter content and ash content 
corresponds to the fixed carbon content. For each sample, triplicate 

analyses were conducted. Average values of the analyses are presented 
in Table 1. 

2.4.2. Element analysis 
The elemental composition of pre-dried biomass samples, biocarbon 

produced from them and residues after the Macro-TGA gasification ex-
periments were analyzed by employing an elemental analyzer (Euro-
vector EA 3000 CHNS-O Elemental Analyser). Oxygen content of one 
sample was calculated by difference. 

2.4.3. Inorganic element analysis 
Contents of inorganic elements in the pre-dried biomasses, produced 

biocarbon and residual biocarbon after Macro-TGA gasification tests 
were measured using an inductively coupled plasma-atomic emission 
spectrometer (ICP-AES). One sample was dissolved in a mixture of acids 
(HNO3, HF and H3BO3) and went through a pressurized multi-step 
digestion process, according to procedures described in the standard 
CEN/TS 15290:2006. The digested solution was then analyzed by the 
ICP-AES for elemental detection. Triplicate analyses were conducted for 
each sample and average values are presented. 

2.4.4. SEM-EDX analysis of biocarbon 
The microstructure and morphology of the biocarbons produced 

under different conditions and after the Macro-TGA gasification re-
actions were examined by using a scanning electron microscope (Zeiss 
Ultra 55 Limited Edition). One biocarbon grain was placed on a sample 
holder and placed into the SEM chamber, which was scanned with 
increasing magnifications to reveal details regarding surface 
morphology and microstructure of the studied biocarbon samples. The 

Fig. 1. Macro-TGA setup for studying gasifcation reactivity of biocarbon [17].  

Table 1 
Characteristics of birch wood, wood pellet and steam-exploded pellets for bio-
carbon production.    

Birch wood 
(BW) 

Wood pellet 
(WP) 

Steam exploded 
pellet (SP) 

Volatile 
matter 

wt%, d. 
b. 

84.43  86.66  82.14 

Ash content wt%, d. 
b. 

0.78  0.51  0.34 

Fixed-C* wt%, d. 
b. 

14.79  12.83  17.52 

C wt%, daf 45.9  47.08  51.92 
H wt%, daf 6.01  6.12  6.15 
N wt%, daf 0.13  0.08  0.10 
S wt%, daf 0.02  0.02  0.01 
O* wt%, daf 47.91  46.66  41.82 
K mg/kg, 

d.b. 
278.8  530.0  480.0 

Ca mg/kg, 
d.b. 

684.3  960.0  970.0 

P mg/kg, 
d.b. 

65.8  70.0  60.0 

Si mg/kg, 
d.b. 

20.3  57.0  65.3 

Na mg/kg, 
d.b. 

14  10.1  11.1 

S mg/kg, 
d.b. 

29.5  20.0  15.0 

Mg mg/kg, 
d.b. 

221.0  154.0  146.0 

Al mg/kg, 
d.b. 

20.2  4.0  4.0 

Fe mg/kg, 
d.b. 

15.7  50.0  39.0 

Mn mg/kg, 
d.b. 

83.8  98.0  42.0 

Cu mg/kg, 
d.b. 

0.7  0.6  0.6 

Zn mg/kg, 
d.b. 

25.4  4.4  5.4 

d.b.: dry basis; daf: dry ash free basis; *: calculated by difference. 
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SEM is equipped with an energy-dispersive X-ray spectroscope (EDX). 
The combination of SEM and EDX enables to study the microchemistry 
of the biocarbon after the Macro-TGA gasification reaction. This is 
important to reveal the transportation/migration of inorganic elements 
in the biocarbon and their roles during the biocarbon gasification 
process. 

2.4.5. µCT analysis of biocarbon 
The microstructure of unreacted and gasified biocarbon was also 

analyzed, by a Nikon XT H 225 ST instrument (cone beam volume CT). 
For a scanning, a tungsten reflection target was used, with an acceler-
ation voltage of 150 kV and a current of 150 µA. The X-rays were not 
filtered. The imaging was done with an integration time of 708 ms, 
signal amplification of 18 dB, with 6283 projections per 360◦ rotation. 
The detector panel in the instrument is a Perkin Elmer 1620 AN CS 
model with 2000x2000 pixels sized 200x200 µm; total panel size 40x40 
cm2. The distance from the source to the sample varied from 32.08 mm 
to 126.08 mm, resulting in a voxel size varying from 5.7 µm to 22.4 µm. 
The images were exported as 16-bit TIFF and processed in the public 
domain software Image [37] and using scripts developed at SINTEF. 
More details about image processing can be found in work reported by 
Rorvik et al. [34]. µCT analyses of biocarbon were conducted on the 
biocarbon samples before and after Macro-TGA gasification experi-
ments. For a better comparison, several pieces of unreacted biocarbon 
were first scanned by the µCT. These biocarbon pieces were then placed 
in the crucible with known locations. After the Macro-TGA gasification 
reaction, they were collected and scanned with the µCT again. It enabled 
to scan and compare the microstructure of the exact same biocarbon 
pieces before and after gasification experiments. 

2.4.6. Mechanical properties of carbonized pellets before and after Macro- 
TGA study 

Mechanical properties are among the most important properties of 
biocarbon as used for metallurgical applications [42]. In the current 
work, the mechanical strength measurements were conducted for pre- 
dried biomass pellets, biomass pellets carbonized at 500 ◦C and the 
carbonized pellets after the Macro-TGA gasification at 1100 ◦C. The 
mechanical strength of pellets was tested by a pellet hardness tester 
(Amandus Kahl, Germany). One pellet was loaded in the hardness tester 
and compressed perpendicular to the cylindrical axis direction until 
identification of failure of the sample. The tensile compressive strength 
of one pellet was measured in kilograms by an equivalence between the 
elastic compression of a spring that moves a piston against the pellet side 
and the force equivalent mass [48]. As the studied pellet fractured into 
two parts along the loading axis, the applied force was recorded and 
used for calculating the tensile strength. The tensile strength σx was 
calculated by the following formula: σx = 2msg/πdl, where ms is the 
force equivalent mass, g is the gravitational acceleration, d is the 
compaction diameter (m), and l is the compaction thickness (m) [32]. 
The mechanical durability of the pellets was measured using a tumbler 
(Bioenergy TUMBLER 1000+, Austria) following procedures in accor-
dance with ISO 17831–1. The mechanical durability of one pellet is 
presented as the percentage of the pellet weight remaining after the test 
and the initial weight. For each pellet sample, the mechanical durability 
test was carried out at least 3 times, and an average value is presented. 

3. Results 

3.1. Feedstock 

Table 1 shows characteristics of oven-dried birch wood, wood pellet 
and steam-exploded pellet samples. The proximate analysis results show 
that all three biomass materials have a high content of volatile matter, 
above 80 wt%. The ash contents of the three studied biomass materials 
are low, lower for the wood pellets than for the birch wood chips, and 
lowest for the steam-exploded pellets, which is as expected since some 

inorganics are removed in the steam explosion process. The elemental 
composition of birch wood, wood pellets and steam-exploded pellets are 
rather similar, with exception of a higher carbon content and a lower 
oxygen content of the steam-exploded pellets, and the expected higher 
nitrogen content in birch compared to spruce. The dominant inorganic 
elements in the three biomass materials are Ca, K, Mg and Mn with small 
amounts of Si, P and S. 

3.2. Biocarbon production and characterization 

Table 2 summarizes characteristics of the biocarbon samples pro-
duced under different conditions. In comparison to biocarbon produced 
with purging of N2, the volatile matter content of the biocarbon pro-
duced under constrained conditions are lower. The ash content of the 
biocarbons produced from the birch wood are in the same range, of 1–2 
wt%. The calculated fixed carbon contents of the birch wood biocarbons 
are also shown in Table 2. Together with the elemental analysis, the 
calculated fixed-C content of biocarbons indicate that carbonization of 
birch wood under constrained conditions results in an improvement of 
carbon conversion efficiency with increase of carbon content of the 
produced biocarbon. During the biocarbon production process, the 
biomass feedstock is heated, resulting in thermal decomposition of the 
feedstock into solid, gases and tarry vapors[5]. For the current work, 
production of biocarbon without purging gas, with lid on the sample bed 
and under pressure enables extension of the residence time of the vol-
atiles and tarry vapors in the reactor. It leads to cracking and recon-
densation of them and forming of secondary carbon. The biocarbons 
produced under different conditions also have different properties that 
affect the reactivity of them as described in the following chapter. 

3.3. Macro-TGA study 

3.3.1. Reactivity 
The seven types of biocarbon produced under different conditions 

from birch wood chips, wood pellets and steam exploded pellets were 
used for the Macro-TGA study. The goal was to investigate the gasifi-
cation reactivity of biocarbon produced under different conditions and 
from woody biomass with and without pelletization treatment under 
industrially relevant conditions. Fig. 2 shows the loss of fixed carbon of 
all seven studied biocarbon samples as they reacted as a function of time. 
It can be seen that the birch wood biocarbons produced at atmospheric 
pressure has higher reactivities than those produced from the pressur-
ized reactor. However, there are slight differences in fixed carbon loss 
behaviors of the birch wood biocarbon produced under different con-
ditions in the tubular fixed reactor. For the sample BW500-P that was 
produced with purging of N2, it took about 430 s to reach 20% fixed 
carbon loss. On the other hand, about 480 s was needed for the bio-
carbon produced by using a lid and no purging gas to realize this. For the 
biocarbon produced under pressure, it took about 580 s and 610 s for the 
loss of fixed carbon to reach 20%. Several studies have reported that 
enhanced biocarbon yields can be obtained by carbonizing biomass 
under constrained conditions, which causes improvement of fixed car-
bon content in the produced biocarbon as well [27,26,45,46,50]. 
Consequently, the produced biocarbons have different properties that 
affect their conversion behaviours under different atmospheres [47,51]. 
Our previous work reported micro-TGA experiment results for CO2 
gasification of biocarbon produced under atmospheric and pressurized 
conditions[4,47]. It was found that the biocarbons produced at high 
pressures have lower CO2 reactivity than those produced at atmospheric 
pressure. Results obtained in the current work showed a similar 
decreasing trend of reactivity for the biocarbons produced at elevated 
pressure. In comparison to the biocarbons produced from the birch 
wood chips, the biocarbons produced from the wood pellets and steam- 
exploded pellets react slowly under the same Macro-TGA gasification 
conditions. 826 s and 1160 s were needed for the carbonized wood 
pellets and carbonized steam-exploded pellets respectively to reach 20% 
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fixed carbon loss. The time used for gasification of carbonized pellets 
WP-500-NP and SP-500-NP to the desired extent is about 2 and 3 times 
longer, respectively, than that used for conversion of sample BW-500-P. 
It is also interesting to see from Fig. 2, that the recorded fixed carbon 
losses for WP-500-NP and SP-500-NP start later than those of biocarbon 
produced from the wood chips. It indicates that heat and mass transfer 
limitations are delaying the onset of the gasification process for the 
pellets, but also indicates that the biocarbon produced from the pellet-
ized steam-exploded biomass has lower reactivity also due to the lower 
ash content. The wood pellets used in the current work are produced 
from virgin spruce wood. Whereas the steam exploded pellets are pro-
duced from a mixture of spruce and pine wood. As shown in Table 1, the 
general properties of the wood pellets and steam exploded pellets are 
similar to those of the birch wood chips. There are differences in terms of 
the content of certain inorganic elements contained in these three 
feedstocks. In addition, in comparison to the birch wood chips, the wood 

pellets and steam exploded pellets have much higher density with a 
more compact structure. It will affect pyrolysis behaviors of them and 
the physio-chemical properties of the produced biocarbon, and reac-
tivity consequently. 

Using the slope of the fixed carbon loss curves for the recorded 
weight measurements during the gasification of the biocarbon, the 
fraction of reacted fixed carbon per time was calculated. The slope is 
defined as the gasification reactivity for comparison purpose. As shown 
in Fig. 3, the sample BW 500-P has the highest reactivity, whereas the 
biocarbon produced from the steam-exploded pellets has the lowest 
reactivity. 

3.3.2. Properties of biocarbon after Macro-TGA gasification reaction 
During metal production processes, the carbon reductant will flow 

through the pre-reduction zone before it reaches the bottom of the 
smelting furnace to react with metal ore. The properties of the partially 

Table 2 
Properties of biocarbon produced under different conditions.    

BW 500-P BW 500-NPL BW 350–500-NP BW-7.9 bar BW-21.7 bar WP-500-NP SP-500-NP 

Volatile matter wt%, d.b. 19.88 15.50 16.81 12.60 11.30 16.77 23.53 
Ash content wt%, d.b. 1.60 2.06 1.06 2.00 1.40 1.02 0.88 
Fixed-C* wt%, d.b. 78.52 82.44 82.13 85.40 87.30 82.21 75.59 
C wt%, daf 78.03 84.18 88.13 90.49 92.62 85.95 88.13 
H wt%, daf 3.68 2.90 2.74 1.93 4.35 2.87 2.74 
N wt%, daf 0.39 0.46 0.43 0.47 0.37 0.37 0.43 
S wt%, daf 0.11 0.06 0.05 0.02 0.02 0.05 0.05 
O* wt%, daf 17.79 12.40 8.66 7.09 2.64 10.76 8.66 
K wt%, d.b. 1269 1918 2040 2469 2208 2330 1960 
Ca wt%, d.b. 2441 6555 3100 3837 3332 3770 2910 
P wt%, d.b. 237 376 350 408 253 250 170 
Si wt%, d.b. 47 68 257 231 221 190 463 
Na wt%, d.b. 10 86 65 73 13 11 11 
S wt%, d.b. 24 45 120 267 210 120 110 
Mg wt%, d.b. 678 961 1006 911 682 551 425 
Al wt%, d.b. 31 50 77 158 72 75 70 
Fe wt%, d.b. 67 87 100 254 70 132 102 
Mn wt%, d.b. 363 565 401 477 344 399 436 
Cu wt%, d.b. 3 5 3 8 3 3 3 
Zn wt%, d.b. 125 258 148 160 120 65 36 

d.b.: dry basis; daf: dry ash free basis; *: calculated by difference. 

Fig. 2. Fixed carbon loss of biocarbon samples in a mixture of 50 vol% CO2:50 vol CO at 1100 ◦C. Biocarbon sample: birch wood (BW), wood pellet (WP) and steam 
exploded pellet (SP). Production conditions: No N2 purge (NP), No N2 purge with a lid on sample bed (NPL), Purge with N2 (P). 
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reacted carbon reductant are critical, as they can significantly influence 
further reactions between it and the metal ore. It is therefore critical to 
have detailed analyses on the residues from the Macro-TGA gasification 
tests. 

Fig. 4 shows a plot of the O:C against H:C molar ratio of pre-dried 
biomass materials, biocarbon produced from them and partially reac-
ted biocarbon after Macro-TGA tests. A clear decreasing trend of O:C and 
H:C molar ratio can be seen in Fig. 4. As shown in Fig. 4, the raw biomass 
materials have high O:C and H:C molar ratios that is indicated with a 
green ellipse in the right upper corner. The O:C and H:C molar ratios of 
biocarbon produced at 500 ◦C decreased to the range of 0.05–0.2 and 
0.2–0.6 (highlighted with a red ellipse), respectively. After gasification 
experiments, the O:C and H:C molar ratios of biocarbon further decrease 
and all are smaller than 0.1, as highlighted by a light blue ellipse in the 
left bottom corner in Fig. 4. The change of O:C and H:C molar ratios as 
shown in Fig. 4 is mainly related to decomposition of biomass during 
carbonization and further loss of volatiles during the Macro-TGA tests. 
The increase of carbon content and reduction of hydrogen content agree 

well with the findings reported by Ueki et al., when the woody bio-
masses were thermally treated at elevated temperature from 300 to 
1000 ◦C [43]. 

Table 3 summarizes results for analyses of inorganic elements in the 
residual biocarbon after the Macro-TGA gasification tests. The analysis 
results showed that Ca, K and Mg are dominant elements in the partially 
reacted biocarbon with detection of certain amounts of Si, Mn, P and Fe, 
and minor amounts of Na, S and Al. It can be seen from Table 3 that the 
concentration of most inorganic elements in the biocarbon produced 
under atmospheric pressure with using a lid and from the pressurized 
reactor are higher than those in sample BW 500-P. With using a lid on 
the sample bed, the tarry vapors and gas products released away from 
the reactor were considerably delayed and also reduced, which is more 
evident for the pressurized carbonization process. It leads to more 
intensive cracking of tarry vapors that deposit or condense on the 
charring biomass particle surfaces, resulting in blocking of pores and 
limiting migration of inorganic elements from the inner structure to the 
external surface [49]. On the other hand, slow carbonization with 

Fig. 3. Gasification reactivity of biocarbon samples in a mixture of 50 vol% CO2: 50 vol% CO at 1100 ◦C.  

Fig. 4. Comparison of Van Krevelen diagram of pre-dried biomass materials, biocarbon from birch wood chips, wood pellets and steam exploded pellets and the 
residual biocarbon after the Macro-TGA tests (i.e., devolatilized at 1100 ◦C, and having further lost 20% of its remaining mass). 
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purging of N2 causes more intensive heat and mass transfer within and at 
the external surface of charring biomass particles, leading to formation 
of biocarbon with a more porous structure [3,13]. It favors the migration 
and release of inorganic elements. 

During the Macro-TGA gasification experiments, devolatilization 
and further gasification of the biocarbon samples took place. As shown 
in Table 3, the absolute concentration of inorganic elements in the 
partially reacted biocarbon is increased as a result of the consumption of 
carbon. The high concentrations of elements, for example, K and P, in 
the partially reacted biocarbon need to be carefully considered. These 
inorganic elements is prone to involve in reactions between the bio-
carbon and metal ore and slag in the reduction zone of a smelting 
furnace, which can affect properties of the final products [17]. 

3.3.3. SEM-EDX analysis 
Figs. 5-11 show SEM images taken from the seven biocarbon samples 

before and after the Macro-TGA gasification experiments with 
increasing magnifications. One should note that the EDX analyses are 
only qualitatively indicating the concentration of detected elements. 
Together with bulk analysis of inorganic elements in one studied sample, 

an abundance of certain elements in the same detected spots or areas 
implies the presence of chemicals or compounds (i.e., calcium oxide or 
calcium carbonate). A similar method has been used in other works to 
investigate transformation of inorganic elements (i.e., alkali metals) 
during thermal conversion of biomass materials [9,40]. Considerable 
differences in surface morphology and microstructure can be observed 
for the biocarbons produced under different conditions. As shown in 
Fig. 5(a and b), the sample BW 500-P has a porous structure and coarse 
surface with visible large openings and cracks. On the other hand, the 
samples BW 500-NLP (Fig. 6(a and b)) and BW 350–500 NP (Fig. 7(a and 
b)) have a more compact structure and much fewer cracks and pores can 
be observed. The sample BW 500-NLP has a much smoother surface 
without showing the fiber structure as observed for BW 500-P. Addi-
tionally, a bubble-like structure can be found in Fig. 5(b), indicting 
formation of a carbon layer due to cracking and condensation of tarry 
vapors as a result of constrained carbonization conditions. The bio-
carbon produced under pressures have evidently different microstruc-
ture than those produced at atmospheric pressure. Figs. 8 and 9 show 
that biocarbon produced at respectively 7.9 and especially 21.7 bar 
underwent a molten stage with forming and cracking of bubbles, 
without showing the cellular and fiber structure that normally can be 
found. Similar microstructure and morphology of biocarbon produced 
under pressurized conditions have been reported in our previous studies 
[21–22,45,50]. The biocarbon samples produced from the wood pellets 
and steam exploded pellets, as shown in Figs. 10 and 11, have dense 
structure compared to the biocarbon produced from wood chips. Fig. 10 
(b) shows a zoom-in view of the scanned area of one carbonized wood 
pellet that is formed due to binding of crushed wood particles. Different 
than the carbonized wood pellet WP-500-NP, Fig. 11(a and b) show that 
the carbonized steam-exploded pellet SP-500-NP has a much denser 
structure and more intact surface without showing a clear fibrous 
structure. The SEM analyses were conducted on the biocarbon after 
Macro-TGA gasification experiments. Figs. 5-7 show that, in comparison 
to unreacted biocarbon, the biocarbon samples after gasification ex-
periments have coarser surfaces with particles and grains in different 
sizes that can be observed on their surface. It is more evident for the 
sample BW 500-NPL. Fig. 6(c and d) clearly show that, in comparison to 
the unreacted sample, more cracks formed on the surface of reacted 

Table 3 
Inorganic elements in biocarbon after Macro-TGA (MTA) gasification reactions 
(mg/kg, wt%,d.b.).   

MTA 
BW 
500- 
NP 

MTA 
BW 
500- 
NPL 

MTA BW 
350–500- 
NP 

MTA 
BW- 
7.9 bar 

MTA 
BW- 
21.7 
bar 

MTA 
WP- 
500- 
NP 

MTA 
SP- 
500- 
NP 

K 1900 4900 4370 5680 5560 6170 2820 
Ca 4310 7610 6390 8410 6190 4670 4030 
P 360 780 650 880 510 310 260 
Si 176 435 261 241 600 175 238 
Na 80 86 91 101 61 238 69 
S 31 70 80 44 34 90 50 
Mg 832 1500 1863 1915 874 641 624 
Al 25 159 31 40 100 62 73 
Fe 195 167 204 304 288 88 148 
Mn 159 697 387 480 534 410 332 
Cu 7 8 7 11 11 6 5 
Zn 2 5 2 2 3 2 1  

Fig. 5. SEM images of biocarbon BW 500-NP before (a, b) and after (c, d) Macro-TGA gasification reaction.  
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biocarbon with presence of agglomerated grains and long thread-like 
structures. As shown in Figs. 10 and 11, the reacted carbonized WP- 
500-NP and SP-500-NP preserved dense structure. However, for the 
reacted WP-500-NP, there are large numbers of small openings and 
several large cracks that can be observed (Fig. 10(d)). Differences in 
surface morphologies of raw and reacted biocarbon samples indicate 
reactions of them during Macro-TGA gasification experiments. The 
biocarbons produced at atmospheric conditions are distinguished by 
coarser surfaces with more and larger openings and cracks. It is related 
to the high conversion level of the biocarbons as more intensive 

reactions cause consumption of carbon and release of formed gas 
products [25]. 

Figs. 12-18 display detailed SEM-EDX analyses on the seven bio-
carbon samples after the Macro-TGA experiments. One should note that 
the EDX analyses are only qualitative indicating the concentration of 
detected elements. Together with bulk analysis of inorganic elements in 
one studied sample, an abundance of certain elements in the same 
detected spots or areas implies the presence of chemicals or compounds 
(i.e., calcium oxide or calcium carbonate). A similar method has been 
used in other work to investigate transformation of inorganic elements 

Fig. 6. SEM images of biocarbon BW 500-NPL before (a, b) and after (c, d) Macro-TGA gasification reaction.  

Fig. 7. SEM images of biocarbon BW 350–500-NP before (a, b) and after (c, d) Macro-TGA gasification reaction.  
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(i.e., alkali metals) during thermal conversion of biomass materials. 
[9,40] For the biocarbon produced at atmospheric conditions, there are 
evident migration and agglomeration of inorganic elements. Fig. 12 
shows a white-grey aggregate on the surface of the gasified sample BC- 
500-P, which has a porous structure with small bead-like particles that 
can be observed (Fig. 12(a)). The EDX analysis results (Fig. 12(d)) show 
that Ca is the dominant inorganic element detected from the aggregate, 
with smaller amounts of Fe, K and Mg and P. The elements C and O are 
also detected as major elements in the aggregate, indicating presence of 
calcium carbonate. EDX spot analysis was also conducted on the bulk 

part of the gasified sample BW 500-P. Only minor amounts of Ca, Fe and 
K were detected as main inorganic elements. For the gasified sample BW 
500-NPL, the aggregates (Fig. 13(a)) with similar structures can be 
observed, which has similar chemical composition as detected from the 
gasified BW 500-P. For the gasified biocarbon sample BW-7.9 bar and 
BW-21.7 bar, smaller white grains can be observed on their surface. Ca 
was detected as a main inorganic element. However, the content of other 
inorganic elements such as K, P and Fe are much lower than those 
detected from the gasified biocarbon samples BW 500-P and BW 500- 
NPL, indicating different transformation chemistry and migration 

Fig. 8. SEM images of biocarbon BW-7.9 bar before (a, b) and after (c, d) Macro-TGA gasification reaction.  

Fig. 9. SEM images of biocarbon BW-21.7 bar before (a, b) and after (c, d) Macro-TGA gasification reaction.  
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behaviors of these elements. For the gasified sample WP-500-NP, tiny 
white particles can be observed on its surface (spot 3, Fig. 17(a)) and 
some of them agglomerate together into a flake-like grain (spot 4, Fig. 17 
(a)). Ca was detected the main element in these particles and grains with 
minor amounts of Si, Al and Mg (Fig. 17(b)). The SEM-EDX results 
shown in Figs. 12-18 imply different migration and transformation be-
haviors of inorganic elements during Macro-TGA gasification of 

biocarbon produced under different conditions and from different 
feedstocks. For biocarbon produced under atmospheric pressure, more 
intensive migration of inorganic elements occurred during the gasifi-
cation process, which accumulate and aggregate on the external surface 
of the biocarbon. On the other hand, less amounts of inorganic elements 
were observed and detected on the external surface of biocarbon sam-
ples that were produced under pressure. The SEM-EDX analyses imply 

Fig. 10. SEM images of biocarbon WP-500-NP before (a, b) and after (c, d) Macro-TGA gasification reaction.  

Fig. 11. SEM images of biocarbon SP-500-NP bar before (a, b) and after (c, d) Macro-TGA gasification reaction.  
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that inorganic elements have a higher potential to migrate to external 
surfaces of the biocarbon during gasification of sample BW 500-P, which 
has more open and porous structure. On the other hand, transformation 
and movement of inorganic elements in the biocarbon produced under 
pressure and from biomass pellets are much less intensive. The inorganic 
elements, especially Ca, can promote the Boudouard reaction through 
acting as catalysts and enhance gasification rate of the biocarbon. 

Migration and diffusion of inorganic elements can initiate formation and 
further growth of pores in the carbon structure and on the external 
carbon surface. It causes increase of porosity and surface area of the 
carbon, which again promotes the gasification of biocarbon [36]. As the 
inorganic elements migrate to the external surface of the biocarbon, they 
will also promote the Boudouard reaction through acting as catalysts. 
The dispersion and presence of inorganic elements on biocarbon 

Fig. 12. SEM image (a) and EDX spot analysis (b) of biocarbon BW 500-NP after Macro-TGA gasification reaction.  

Fig. 13. SEM image (a) and EDX spot analysis (b) of biocarbon BW 500-NPL after Macro-TGA gasification reaction.  

Fig. 14. SEM image (a) and EDX spot analysis (b) of biocarbon BW 350–500-NP after Macro-TGA gasification reaction.  
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surfaces will provide active sites, which can play catalytic roles to lower 
the activation energy of gasification reactions that take place on the 
carbon surface [8,19,35]. Presence of the catalytic inorganic elements 
speeds up the gasification reactions in the carbon matrix, which shifts 
progressively towards the particle periphery. The consumption of car-
bon and release of intermediate gas products cause reduction of density 
and mechanical stability of the biocarbon. The SEM-EDX analysis results 
agree with previous findings about dispersion of inorganic elements (i. 

e., Ca and K) during CO2 gasification of biocarbon and coke, which 
increased gasification reactivity and promoted conversion of the studied 
samples [23,36]. 

3.3.4. µCT analysis of biocarbon before and after Macro-TGA gasification 
reaction 

Figs. 19-22 show µCT scanning results of biocarbon before and after 
the Macro-TGA gasification test. The biocarbon produced under 

Fig. 15. SEM image (a) and EDX spot analysis (b) of biocarbon BW-7.9 bar after Macro-TGA gasification reaction.  

Fig. 16. SEM image (a) and EDX spot analysis (b) of biocarbon BW-21.7 bar after Macro-TGA gasification reaction.  

Fig. 17. SEM image (a) and EDX spot analysis (b) of biocarbon WP 500-NP after Macro-TGA gasification reaction.  
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atmospheric conditions (BW-350-500-NP) preserves a fibrous structure. 
Whereas the biocarbon produced under 21.7 bar has a swollen round 
shape seen in the horizontal direction. In addition, large voids and 
hollow structures of the biocarbon grain can be seen in all scanned di-
rections. The sample SP-500-NP has a dense and compact structure 
without identification of individual grains or particles. 

After the Macro-TGA gasification experiments, the biocarbon grains 
have shrunk as seen from images scanned from different directions. As 
shown in Fig. 19(e and f), the consumption of sample BW 350–500-NP 
can be observed mainly at the edges or tips of the biocarbon grains, as 
indicated with yellow rectangles. 

µCT analysis of sample WP-500-NP is shown in Fig. 21. Compared to 
the unreacted pellet, there is clear shrinkage of it after gasification re-
action and the rim of the exterior pellet is uneven. The general structure 
of the reacted pellet became less dense and several big cracks can be 
clearly seen from Fig. 21(d, e and f). During the Macro-TGA gasification 
experiment, devolatilization and decomposition of the pellet takes 
place, which results in formation of volatiles and gaseous products. 

Further release of them from the inner part of the pellets will further 
cause formation of cracks inside and on the external surface of WP-500- 
NP. On the other hand, the reacted sample SP-500-NP preserved the 
initial shape with only a slight reduction of size, and kept its dense and 
compact structure. The differences in the µCT analysis on the reacted 
WP-500-NP and SP-500-NP imply that WP-500-NP is more reactive 
during the gasification test, agreeing with the results in section 3.3.1. 

3.3.5. Mechanical properties analysis of raw, carbonized and gasified in the 
Macro-TGA 

Mechanical strength is among the most important metrics of the 
biocarbon, as used for metallurgical industry applications [33,42]. In 
previous work, only the mechanical properties of raw and carbonized 
biomass pellets were studied. To the best of our knowledge, our work is 
the first one to study and report key mechanical properties of carbonized 
biomass pellets after gasification at a high temperature in a gas mixture 
of CO and CO2. Fig. 23(a) shows that the steam exploded pellets have a 
much higher compressive strength than the wood pellets. Evident dif-
ferences in mechanical strength between normal wood pellets and 

Fig. 18. SEM image (a) and EDX spot analysis (b) of biocarbon SP 500-NP after Macro-TGA gasification reaction.  

Fig. 19. µCT analysis of BW-350-500-NP before (a-c) and after Macro-TGA 
gasification reaction (e-f). 

Fig. 20. µCT analysis of BC-21.7 bar before (a-c) and after Macro-TGA gasifi-
cation reaction (e-f). 
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pellets produced from steam exploded wood have been reported in 
several studies [1,7,20]. During the steam explosion treatment at mild 
temperature and high pressure, lignin in the biomass is softened and 
released from the biomass cell wall and distributed onto the particle 
surfaces [55]. Normally, the steam exploded biomass material is directly 
fed into a pellet mill, where it is again exerted under pressure. The lignin 
on particle surfaces will act as adhesive binder to bond steam exploded 
biomass particles together, promoting formation of pellets with higher 
durability, stiffness and water resistance [2]. Fig. 23(a) shows that 
compressive strength of the studied pellets decreases drastically upon 
carbonization at 500 ◦C and further gasification reaction at 1100 ◦C. The 
steam exploded pellets after carbonization and further gasification re-
action still have superior compressive strength compared to the wood 
pellets after the same conversion. However, the differences become 
smaller. Fig. 23(b) shows that the wood pellets and steam exploded 
pellets have similar mechanical durability. Upon carbonization treat-
ment, the mechanical durability of the wood pellets decreased 

considerably from 96% to 58%. With further gasification reaction, the 
durability of the carbonized wood pellets decreased slightly further. It is 
interesting to see that the steam exploded pellets had a much better 
mechanical durability, which only reduced from 98% to 82%, even after 
gasification reaction at 1100 ◦C. The mechanical strength and durability 
of biomass pellets are mainly related to physical bonding forces between 
particles in the pellets. During the carbonization process, degradation of 
the main composition of biomass (i.e., hemicellulose, cellulose and 
lignin polymers) takes place. It results in weakening and cleavage of 
covalent bonds between the matrix and these polymers encrusting cell 
fibrils and loss of bonds between them. In addition, decomposition of 
these polymers leads to generation of water and volatiles. Formation and 
release of them will further result in formation of voids in and between 
particles in the pellets, reducing contacts and adhesive forces between 
particles [7]. Therefore, the evident reduction of mechanical strength of 
both wood pellets and steam exploded pellets is mainly related to a 
combination of the decomposition of biological components and a 
decrease of bonds between individual particles. For one gasification test, 
the carbonized pellets were first calcinated at 1100 ◦C for half an hour, 
followed by gasification in a gas mixture of CO2 and CO. Therefore, the 
measured mechanical properties of the wood pellets and steam exploded 
pellets are a consequence of both devolatilization and partial gasifica-
tion. In comparison to the steam exploded pellets, the wood pellets have 
lower bulk density as shown in Fig. 20(a). The carbonized wood pellet 
(WP-500-NP) has a higher reactivity than the carbonized steam 
exploded pellet (SP-500-NP). More intensive gasification reactions can 
be expected for WP-500-NP which results in further decrease of its 
density and formation of voids and cracks as shown in Fig. 21(f). In 
addition, as discussed in section 3.3.3, there is clear redistribution and 
migration of inorganic elements from the carbon matrix to the external 
surface. This will probably also lead to creation of weak spots and 
enhance anisotropy of the mechanical properties of WP-500-NP. Similar 
physical influences of mineral compounds on mechanical strength of 
coke has been reported by Gornostayev et al. [11]. Therefore, in com-
parison to SP-500-NP, the low mechanical strength of WP-500-NP can be 
partially explained by the more intensive gasification reactions and 
transformation of the inorganic elements during gasification of it. 

4. Conclusion 

In this work, biocarbon was produced from wood chips and pellets 
under atmospheric and pressurized conditions. The CO2 gasification 
reactivity of the produced biocarbons was studied by using a Macro-TGA 
at conditions relevant to those of industrial furnaces for manganese alloy 
production. The raw and reacted biocarbons were analyzed in terms of 
general properties, concentration of inorganic elements, microstruc-
ture/chemistry and mechanical strength. It was found that biocarbons 
produced under different conditions have different CO2 gasification re-
activities. Biocarbon produced from an atmospheric slow heating rate 
carbonization process has the highest CO2 reactivity, followed by bio-
carbons produced from a staged pyrolysis process and in a pressurized 
carbonization process. Biocarbon produced from steam exploded pellets 
has the lowest gasification reactivity. It was also found that trans-
formation and release behaviors of inorganic elements in the studied 
biocarbons are different. In the current work, the reactivity of the 
studied biocarbons is related to their physio-chemical properties (i.e., 
microstructure and concentrations of inorganic elements) and trans-
formation behaviors and catalytic effects of the inorganic elements 
during the gasification process. Higher gasification reactivities were 
observed for the biocarbon samples with more porous and open struc-
ture. This structure favors heat and mass transfer processes during the 
gasification experiment and consumption of carbon consequently. In 
addition, inorganic elements in the biocarbon will also play a catalytic 
role and promote gasification reactions of biocarbon. It partially ex-
plains a higher gasification reactivity of some biocarbons as reported in 
the current work. The mechanical properties of the wood pellets and 

Fig. 21. µCT analysis of WP-500-NP before (a-c) and after Macro-TGA gasifi-
cation reaction (e-f). 

Fig. 22. µCT analysis of SP-500-NP before (a-c) and after Macro-TGA gasifi-
cation reaction (e-f). 
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steam exploded pellets are considerably changed upon carbonization 
and further gasification in the Macro-TGA. The compressive strength of 
the carbonized wood pellets drastically decreased after gasification at 
given conditions, indicating low capacity to withstand cracking or 
breaking due to static and dynamic crushing force. 
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