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Abstract: The utilization of CO2 neutral carbon instead of fossil carbon is one way to mitigate CO2

emissions in the steel industry. Using reactive reducing agent, e.g., bio-coal (pre-treated biomass)
in iron ore composites for the blast furnace can also enhance the self-reduction. The current study
aims at investigating the self-reduction behavior of bio-coal containing iron ore composites under
inert conditions and simulated blast furnace thermal profile. Composites with and without 10%
bio-coal and sufficient amount of coke breeze to keep the C/O molar ratio equal to one were mixed
and Portland cement was used as a binder. The self-reduction of composites was investigated by
thermogravimetric analyses under inert atmosphere. To explore the reduction progress in each type
of composite vertical tube furnace tests were conducted in nitrogen atmosphere up to temperatures
selected based on thermogravimetric results. Bio-coal properties as fixed carbon, volatile matter
content and ash composition influence the reduction of iron oxide. The reduction of the bio-coal
containing composites begins at about 500 ◦C, a lower temperature compared to that for the composite
with coke as only carbon source. The hematite was successfully reduced to metallic iron at 850 ◦C by
using bio-coal, whereas with coke as a reducing agent temperature up to 1100 ◦C was required.

Keywords: devolatilization; torrefied biomass; bio-coal; volatile matter; reduction; blast furnace

1. Introduction

Ore-based ironmaking via the blast furnace (BF) dominates the metal supply for steel making [1].
For every ton of steel produced, on average 1.83 tons of CO2 was emitted in 2017. According to the
World Steel Association, the iron and steel industry accounts for approximately 7% to 9% of total world
CO2 emission [2]. Coke and coal as main reducing agents in the BF are the main contributors to CO2

emitted during iron and steel making. The European Union (EU) has set a target to cut 80% of the CO2

of fossil carbon, by 2050 [3]. In several studies the possible decrease in fossil CO2 emissions by using
biomass is reported [4–6].

The use of raw biomass as a reducing agent in the BF is difficult due to high moisture content,
low content of fixed carbon (Cfix) as well as a high content of volatile matter (VM) and oxygen [7,8].
Different pretreatment technologies like pyrolysis [9], torrefaction [10], etc. can convert biomass into
products with properties suitable for metallurgical applications. Pretreated biomass (bio-coals) has
higher content of Cfix, lower contents of VM and oxygen, higher calorific value and can be pulverized
without the formation of high ratio of fibers, properties which overall correspond more to the ones
of injection coal [10,11]. It was reported that 70% of mass yield is retained as a solid product (char)
during torrefaction process while 30% of mass is converted to gases [12]. The opposite is found for
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highly pretreated biomass, which is characterized by low char yield (~38% mass yield) as a big part of
VM was removed during process [13]. It can be an advantage to use torrefied product as reducing
agent in composites containing iron oxide if remaining volatile contribute to the reduction. To select
suitable bio-coals for use in composites with iron oxide an improved knowledge on the effect from
bio-coal properties is required.

Swedish industry aims to reduce the CO2 emission by different means and in the short term,
this includes, e.g., improving the energy efficiency of the process, replacing fossil coal with reactive
carbonaceous material like bio-coal (pretreated biomass) and in the longer term to use hydrogen. The
use of biomass resources is a possible alternative in Sweden, as there are biomass resources available
from forestland, areas estimated to be 28.1 million hectares [14]. The use of bio-coal as part of top
charged briquettes also containing iron oxide has the potential to lower the thermal reserve zone
temperature (TRZ) of the BF and thereby give a high replacement ratio to coke due to improved gas
efficiency [15].

Partial replacement of coke by bio-coals and raw biomass in self-reducing mixtures or composites
is reported in the literature [16–27]. The effect of the C/O molar ratio on the reduction behavior of
iron ore has been studied earlier [16,24,25]. Najmi et al. [16] found that the reduction of iron oxide
was enhanced when using pyrolized bio-coal in a composite tested isothermally at 1550 ◦C when
compared to composites containing only coke. Liu et al. [24] studied the reduction behavior of bio-coal
containing iron oxide composite pellets. The reduction was done isothermally at 1000–1300 ◦C in
samples with different C/O molar ratio, it was found that as the C/O ratio increased the reduction rate
also increased. Zuo et al. [25] compared the reduction behavior of iron oxide by using bio-coal, coal
and coke. Self-reducing mixtures were reduced in a non-isothermal test procedure having a constant
heating rate up to 1200 ◦C. It was found that bio-coal enhanced the reduction of hematite compared to
coal and coke. Ubando et al. [27] found enhanced reduction using torrefied biomass in comparison to
graphite in samples containing hematite to carbonaceous material in ratios of 2:1 and 1:1 heated non-
isothermally up to 1200 ◦C.

Some of the recent research concerns bio-coals produced from similar original raw biomass
pretreated at different temperatures and thereby getting different VM and ash content but having
similar ash composition [19,23]. In isothermal reduction of iron ore containing composite in inert
atmosphere at temperatures in the range of 800–1000 ◦C Hirokazu et al. [23] found that bio-coal having
higher content of VM will enhance the reduction of iron ore more compared to bio-coal with lower VM
content and the reduction rate of iron oxide was higher when bio-coal containing 18% VM was used in
agglomerates compared to when coke was used. Ueda et al. [19] compared the reduction of composites
containing carbon in CO/CO2 and in Ar atmosphere up to 1200 ◦C but the impact from VM was not
evaluated. It was stated that bio-coals, in general, enhance the reduction in comparison to coke.

Except for the work by Hirokazu et al. [23], there is no study on the influences of properties (Cfix,
VM and ash composition) for different types of pre-treated bio-coal on the reduction of iron ore. In
the current study, different pre-treated biomasses with different properties, e.g., in terms of VM and
ash content as well as ash composition was used as a reducing agent in iron ore containing composite
prepared as briquettes, with the aim to understand their impact on the reduction of iron ore. VM
present in bio-coals contained in the composites should preferably contribute to the reduction and
not being released and lost with the BF top gas. Composites containing only coke breeze are used
as reference.

2. Materials and Methods

2.1. Material and Characterization

Composites were produced from iron oxide, coke breeze and four different bio-coals with Portland
cement as a binder. Carbonaceous materials used are stated in Table 1, their proximate and ultimate
analysis as analyzed by ALS Scandinavia AB using standard methods are presented in Table 2 and the
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composition of other raw materials can be seen in Table 3. The ash composition in bio-coal materials
was reported in detail in a previous study [28], c.f. Table 4. As can be seen TSD has highest content
of VM but contains ash with the lowest content of basic oxides, whereas TFR has almost as high VM
content but contains ash with substantial amounts of basic oxides. HTT and CC has ash with similar
contents of CaO but in HTT is balance by the SiO2 content.

Table 1. Selected carbonaceous materials with abbreviations and their pretreatment temperatures
and time.

Carbonaceous Materials Temperature, ◦C Time, min Abbreviation

Torrefied forest residue 286 6 TFR
Torrefied sawdust 297 6 TSD

High temperature torrefied 350 8 HTT
Charcoal 550 - CC

Coke breeze Up to 1100 - CB

Table 2. Proximate and ultimate analysis results for carbonaceous materials (dry base).

Carbonaceous
Materials

Proximate Analysis (wt %) Ultimate Analysis (wt %) Net Calorific
Value (MJ/Kg)Cfix VM Ash Ctot H N S O

TFR 23.6 73.2 3.2 52.0 5.9 0.57 0.035 35.2 21.4
TSD 24.0 75.6 0.45 57.1 5.9 0.12 0.004 36.4 21.6
HTT 60.8 38.2 1.0 75.3 4.9 0.10 0.008 18.8 28.3
CC 80.7 18.6 0.70 87.0 3.4 0.25 <0.004 8.30 32.6
CB 88.2 0.7 11.1 87.3 <0.1 1.23 0.127 <0.10 29.7

CFix Fixed carbon; VM volatile matter; Ctot Total carbon; H hydrogen; N nitrogen; S sulphur; O oxygen.

Table 3. Chemical composition of pellet fines and cement, (wt %).

Sample Fe S SiO2 Al2O3 CaO MgO Na2O K2O MnO V2O5

Pellet fines 66.7 0.0028 1.92 0.34 0.42 1.35 0.04 0.02 0.06 0.23
Cement 2.46 1.37 20.1 3.47 65.0 2.11 0.17 0.93 0.04 0.02

Table 4. Contents of metal oxides in the bio-coal materials (wt %, dry basis) [28].

Bio-Coals Al2O3 CaO SiO2 Fe2O3 K2O MgO MnO Na2O P2O5 TiO2

TFR 0.047 0.872 0.618 0.044 0.238 0.124 0.062 0.014 0.151 0.004
TSD 0.003 0.122 0.033 0.011 0.051 0.046 0.013 0.003 0.008 0.000
HTT 0.024 0.310 0.305 0.079 0.145 0.061 0.040 0.023 0.032 0.001
CC 0.006 0.317 0.028 0.009 <0.002 0.112 0.044 <0.009 0.006 0.001

The blends from which the briquettes were produced are stated in Table 5. Coke breeze used is
screened off fines of metallurgical coke in the raw material handling at the Swedish steel producer SSAB
Europe in Luleå [29]. The torrefied materials (TSD, TFR and HTT) were received from BioEndev [30]
and the commercial charcoal was from Vindelkol [31]. All carbon-bearing materials were pulverized
then sieved and the fraction 75–150 µm was used in the composites. The temperature for biomass
pre-treatment affects the contents of VM, oxygen and Cfix (fixed carbon). Biomass torrefied at low
temperature (TFR and TSD) has high contents of VM and oxygen but low content of Cfix; the opposite
is the case for biomass pre-treated at high temperature (HTT and CC). The added iron oxide is in the
form of olivine pellet fines screened off at LKAB, and these consist mainly of hematite. The particle size
distribution for iron ore was analyzed to d90 ~163 µm by laser diffraction-based particle size analyzer
(CILAS 1064, Micromeritics Instrument Corporation, Orléans, France). Cement was used as it is a
common binder in industrially produced briquettes.
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Table 5. Recipes of self-reducing composites.

Composite Composite Composition, (wt %)

Pellet Fines Coke Breeze Bio- Coal Cement Abbreviation

FR composite 68.1 13.8 10.0 8.0 FRC
SD composite 68.1 13.8 10.0 8.0 SDC

HTT composite 71.5 10.5 10.0 8.0 HTTC
CC composite 73.3 8.67 10.0 8.0 CCC

Bio-coal free composite 74.0 18.0 - 8.0 BFC

2.2. Composite Preparation

The composites were prepared by mixing pulverized carbonaceous materials, iron ore and cement
according to the recipes in Table 5. A total of 100 g of a homogenous mixture of each blend was
prepared, water was added, and mixing continued for five minutes. Approximately 2.5 g of the blend
was put in a cylindrical steel mold 10 mm in diameter and 14 mm in height. The blend was compacted
for 2.5 min under a load of 1800 kg/cm2. Produced briquettes were covered by plastic sheets to maintain
humidity and cured at 30–40 ◦C for 7 days. Cured briquettes were dried overnight at 105 ◦C before
conducting a reduction test.

The carbon in carbonaceous material to oxygen bound to iron in hematite pellet fines was prepared
aiming for Cfix/O molar ratio equal to one. Considering the total carbon to oxygen bound to hematite,
the ratio will be larger due to the content of carbon in VM present in bio-coals. Chemical composition
of composites shown in Table 6 was determined by Degerfors Laboratorium AB in Sweden using
a Thermo ARL 9900 X-ray fluorescence (XRF) instrument (Thermo Fisher Scientific Inc, Waltham,
MA, USA) operating a rhodium tube at 50 kV 50 mA. The sample was pressed in cellulose briquettes
before analysis. Carbon and sulfur content for each composite was determined by using LECO CS-444
instrument (LECO Corporation, Lakeview Ave, St. Joseph, MI, USA). The calculated VM content in
Table 6 is based on contents in each bio-coal and briquette recipes. FRC and SDC have a higher content
of VM compared to other composites.

Table 6. Chemical composition of self-reducing composites, (wt %).

Composite Ctot CaO MgO SiO2 Al2O3 Na2O K2O P2O5 S Fe2O3 Cl VM*

FRC 16.8 9.24 1.97 7.68 2.08 0.22 0.44 0.06 0.038 59.7 0.01 7.4
SDC 15.6 10.0 1.85 7.87 2.31 0.19 0.32 0.04 0.036 60.0 <0.01 7.7

HTTC 16.5 8.97 1.86 7.05 2.19 0.14 0.54 0.05 0.034 60.8 - 3.9
CCC 15.2 8.41 1.92 7.10 2.09 0.26 0.52 - 0.030 62.9 0.02 1.9
BFC 15.2 7.11 2.39 9.51 3.48 0.29 0.27 0.06 0.048 59.5 <0.01 0.10

VM*: VM calculated from the recipe for each composite.

2.3. Thermogravimetric Analysis

Reduction tests were conducted in the thermogravimetric analyzer, Netzsch STA 409, (sensitivity
±1 µg) attached to a Quadrupole Mass Spectrometer (QMS, Netzsch, Selb, Germany) to monitor the
mass-loss and off-gas analysis, respectively. As reducing agents, the bio-coals specified in Tables 1 and 2
were used. The thermogravimetric analyzer used in this study is described in detail earlier [32]. The
heating rate during thermogravimetric analyses (TGA) was chosen to simulate a possible BF thermal
profile as given in Figure 1 but under inert conditions with argon gas (99.999% purity) at a rate of
200 mL/min. The thermal profile and heating rates are 20 ◦C/min in the temperature range of 0–500 ◦C,
4 ◦C/min between 500–850 ◦C, 1 ◦C/min between 850–950 ◦C and 3 ◦C/min between 950–1100 ◦C.
Finally, the sample was kept 1 h at 1100 ◦C before cooling with 20 ◦C/min to room temperature. To
eliminate error from the buoyancy effect, correction measurements were carried out and each test was
repeated three times to ensure the accuracy of results and the results were consistent without any
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significant variation. The samples were cooled down to room temperature at a rate of 20 ◦C/min and
kept dry in a desiccator for subsequent characterization.

Figure 1. Simulated BF thermal profile used in TGA and for tube furnace tests.

2.4. Interrupted Reduction Tests of Composites

Interrupted tests were carried out in N2 gas atmosphere (purity 99.996% and a flow rate of
5 L/min) introduced from the top in a tube furnace with a schematic layout as shown in Figure 2.
Platinum/Platinum–Rhodium Type S thermocouples were used for measurement and control of
temperature when heating the tube furnace with Super Kanthal heating elements. The sample was
placed in an alumina crucible hanging in the hot zone of the 120 cm long alumina tube with an inner
diameter of 8.65 cm. The sample was heated according to the thermal profile stated in Figure 1 to a
predetermined temperature (500, 680, 740, 850, 950 ◦C). When the desired temperature was reached,
the sample was transferred into the cooling chamber and the flow rate of N2 gas was increased to 10
L/min and 5 L/min from the top and into the cooling chamber, respectively. The samples were kept in a
desiccator until characterization was carried out.

Figure 2. Schematic layout of the tube furnace.
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2.5. Characterization

2.5.1. Mineralogy

X-ray diffraction (XRD) was used to determine the phases present in reduced samples. All samples
were ground in a mortar and analyzed using a Panalytical Empyrean X-ray diffractometer equipped
with copper Kα radiation of 45 kV and 40 mA (Malvern Panalytical, Almeo, Netherlands). Diffraction
patterns were measured in a 2θ range of 10◦ to 90◦ during 15 min for each sample.

2.5.2. Morphology

The textures of composites were investigated on polished samples mounted in epoxy using light
optical microscope (LOM, Nikon ECLIPSE E600 POL, Minato/Tokyo, Japan) and scanning electron
microscope Zeiss Gemini Merlin (FE-SEM, Carl Zeiss AG, Oberkochen, Germany) equipped with
energy-dispersive X-ray spectroscopy (EDS) unit for elemental analysis. Prior to SEM investigation,
the polished surface of mounted samples was coated with a thin layer of tungsten. For SEM, a beam
operation voltage of 20 kV and current of 1.0 nA was used.

3. Results

3.1. TGA/QMS and DTG

Figure 3 shows the TGA/QMS curves for bio-coal containing composites (BCC) and bio-coal free
composites (BFC) using simulated BF thermal profile. The TG analysis shows that BCC has higher
mass loss compared to BFC at lower temperatures and that the mass loss can be divided into three
distinct regions, see Figure 3. The mass loss of FRC and SDC are quite similar, slightly higher for FRC
and both are higher than for other composites as presented in Table 7. DTG (the first derivative of mass
loss) analysis showed that FRC has a higher mass loss rate than SDC at ~300 ◦C as seen in the Region I
in Figure 4. By increasing temperature up to 850 ◦C, the mass loss of FRC, SDC and HTTC increased
and are higher than for CCC and BFC. At temperatures above 850 ◦C, the mass loss rate is high for
CCC as seen in Figure 4. The mass-loss rate for all composites increased as seen in Region III (up to
1100 ◦C) while the main mass loss for CCC and BFC lies at 850–950 ◦C and 950–1100 ◦C, respectively.

Table 7. Mass loss (wt %) of composites during TGA tests.

Composites Region I Region II Region III

Up to 500 ◦C Up to 850 ◦C 850–950 ◦C 950–1100 ◦C Isothermal Part at 1100 ◦C

FRC 7.41 18.4 6.59 14.1 0.30
SDC 6.83 19.0 6.36 13.3 0.29

HTTC 3.99 16.8 10.7 10.1 0.49
CCC 1.83 14.2 19.2 2.67 0.17
BFC 0.92 5.31 8.99 20.4 0.68

The QMS analysis shows ionized hydrocarbons with one, two or four carbon atoms per molecule
and gases (CO, CO2, and H2) in the off-gas during the reduction test. However, the lengths of
carbon chains in the released hydrocarbon during bio-coal devolatilization were probably initially
longer before thermal decomposition and excitation in the QMS. The release of hydrocarbons in the
low-temperature region occurred at the lowest temperature for FRC and SDC as seen in Figure 3 with
the highest mass loss rate for FRC as seen in Figure 4.
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Figure 3. TGA-QMS analysis of self- reducing composites (a) FRC; (b) SDC; (c) HTTC; (d) CCC and (e)
BFC in Argon up to 1100 ◦C using BF simulated thermal profile.

Figure 4. DTG curves of self- reducing composites during TGA tests in Ar gas up to 1100 ◦C using
simulated BF thermal profile.

3.2. Interrupted Reduction Tests of Composites

The interrupted tests were conducted to determine the progress of reduction with different
carbonaceous materials present in each composite. The temperatures for interruption of tests were
selected based on the difference in mass loss curves seen from TGA in the three regions pointed out in
Figure 3. Results on mass loss in interrupted tests conducted in a tube furnace are presented in Table 8.
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Table 8. Mass loss (wt %) of composites during interrupted tests.

Temperature, ◦C FRC SDC HTTC CCC BFC

500 7.39 6.55 3.48 1.55 0.54
680 10.3 11.2 7.21 4.12 1.81
740 14.3 15.6 13.0 7.07 1.83
850 17.3 18.1 16.1 10.2 4.15
950 19.6 20.1 21.2 19.8 6.62

3.3. XRD Analysis

XRD analysis conducted for composites collected after interrupted tests in the tube furnace and
finalized tests in TGA is shown in Figure 5. The following is observed;

- Fe2O3 was detected in the BFC sample from the test interrupted at 500 ◦C.
- Fe3O4 was detected in all bio-coal containing samples from tests interrupted at 500 ◦C, for BFC it

was first detected at 740 ◦C.
- FeO was detected in the samples from tests interrupted at 680 ◦C for SDC, at 740 ◦C for FRC and

HTTC, at 850 ◦C in CCC and at 950 ◦C for BFC.
- Fe was detected in samples from tests interrupted at 850 ◦C for SDC and HTTC, at 950 ◦C for FRC

and CCC, at 1100 ◦C for BFC.

Figure 5. XRD analysis of reduced composite treated in a tube furnace at (a) 500 ◦C; (b) 680 ◦C; (c)
740 ◦C; (d) 850 ◦C; (e) 950 ◦C and (f) final sample up to 1100 ◦C in TGA.
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3.4. Evaluation of Composite Structure during Reduction

The structures of composites from interrupted tests were examined in LOM and SEM. Figure 6
presents the microstructures of two different types of composites collected after tests interrupted at
680 ◦C. The conversion of hematite to magnetite occurred initially at the outer layer of hematite particles
in all bio-coal containing composites which can be seen for FRC in Figure 6a. In composites collected
after tests interrupted at ~740 ◦C, the transformation of hematite to magnetite had proceeded further in
SDC and a porous structure and cracks had been formed as seen in Figure 7a while the transformation
of hematite to magnetite was still in the outer layer in HTTC as seen in Figure 7b. The duct structure of
bio-coal was seen in FRC and quite clear in CCC as seen in Figures 6a and 6b, respectively.

Figure 6. Typical textures observed in LOM (magnification 20x) in composites from tests interrupted at
680 ◦C. (a) FRC and (b) CCC. H = hematite (white-grey), M = magnetite (grey) and BC = bio-coal.
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Figure 7. SEM image (magnification 1000×), of composites from tests, interrupted at 740 ◦C. (a) SDC,
(b) HTTC, H = hematite, M = magnetite, and Ol = Olivine.

4. Discussion

The effect of different pre-treated biomass on the self-reduction of agglomerates containing iron
oxide and coke breeze has been investigated. Composites were analyzed in TGA and treated in vertical
tube furnace up to pre-defined temperatures. To evaluate the impact of bio-coal on reduction, samples
from interrupted tests were investigated by XRD, LOM and SEM. The mass loss occurring in TGA
is assumed to depend on partial devolatilization of VM (biomass→ Volatile (gases + tar) + bio− char) ,
gasification

(
C f ix + CO2 ↔ 2CO

)
, and reduction of iron oxides (Fe2O3→ Fe3O4→ FeO→ Fe) . CO

formed during devolatilization contributed to the reduction of iron oxides.
The TGA results and interrupted test up to 500 ◦C showed that FRC has higher mass loss than

all other composites, and a higher mass-loss rate was clear from DTG analysis at ~300 ◦C. Although
TSD and TFR have quite similar content of VM, the higher mass loss detected at low temperature for
FRC could be due to the presence of higher contents of catalyzing components such as CaO and K2O
in TFR than in TSD. This may affect the release of H2O during reaction as the ion current for H2O is
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highest for FRC although that the H-content is similar as for SDC. The impact of ash composition on
the devolatilization behavior of bio-coals was indicated in a previous study [28] where bio-coal with a
higher content of catalyzing components released the VM at lower temperature, and this may restrict
its contribution to the reduction. High intensity of H2O followed by CO2 and H2 detected in QMS
analyses for FRC indicates that some of the CO is consumed in the reaction. It is possible that this
affects the contribution to reduction of iron oxide in FRC. From XRD analysis, it was seen that FeO had
been formed in samples interrupted at 740 ◦C for FRC while it was detected in samples interrupted at
680 ◦C for SDC.

QMS analysis showed that the intensity of CO gas in regions I and II is highest for SDC, reaching
a maximum at ~760 ◦C, as shown in Figure 8. Part of this CO gas might originate from thermal
decomposition of VM as well as from the Boudouard reaction in which CO2 reacts with remaining
carbon above 700 ◦C as reported by Butterman [33]. Furthermore, it is observed that FeO is formed in
SDC at lower temperatures than for other composites and SDC has the highest mass loss rate in region
II (up to 850 ◦C).

Figure 8. Off-gas analysis of CO for different types of bio-coal containing composites (BCC).

The progress of the reduction is indicated in LOM by more cracks in SDC samples interrupted at
740 ◦C while it was detected only in the outer layer for HTTC at the same temperature. Wustite was not
detected in CCC samples interrupted below 850 ◦C. CO generation from CCC samples occurred mainly
above 850 ◦C, likely due to Cfix starting to react, c.f. Figure 8, simultaneously with a higher mass loss
rate for CCC. This can be compared with BFC in which wustite and iron were first detected by XRD in
samples interrupted at 950 ◦C and in the final sample at 1100 ◦C, respectively. The higher intensity for
CO seen in QMS results for BFC at temperatures above 950 ◦C is likely due to the transformation step
from FeO to Femet and solution loss reactions taking place above 950 ◦C.

XRD analysis shows also that magnetite is formed in all BCC samples at 500 ◦C, but not in BFC
composites. CO formed in Region I in all BCC, but not in BFC, may have contributed to the earlier start
of reduction in BCC. It is shown that FeO is formed at a lower temperature in the composites containing
more VM, indicating either that more reactive char is formed or that volatiles still existing above 500
◦C, as in SDC, also contributes to the reduction. It is also shown that BFC containing coke breeze
demand higher temperature for gasification reaction and reduction compared to BCC, in agreement
with Ueda et al. [19].

The results show that if bio-coal with high volatile content is selected for use in a composite, a low
content of catalyzing components is preferable as volatiles are released at higher temperatures and
thereby could contribute to the reduction.
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The investigated composites are potential innovative materials to be added to the BF together with
coke. By energy consuming reactions, the thermal reserve zone temperature is reduced and the overall
reduction efficiency of the BF improved. When selecting carbon source for the composites, the results
show that coke breeze demands higher temperature for reaction compared to bio-coals. TSD could be
the most suitable material to be utilized in composites in the BF. This material has higher content of
volatile matter content with a lower content of catalyzing components, which means that the volatiles
can be released at higher temperatures and thereby can contribute to the reduction. Additionally,
outside the scope of this paper, it is known that the yield when producing bio-coal is high for products
as TSD.

5. Conclusions

The reduction behavior of composites containing hematite and different bio-coals was studied
and compared with bio-coal free composite (coke as carbon source). The following conclusion can be
drawn:

- Bio-coal present in an agglomerate enhances the reduction of hematite, in comparison with coke,
and the reduction starts at a lower temperature.

- Bio-coal with a high content of volatiles decreases the temperature for the formation of wustite
more than bio-coal with lower content of volatiles.

- The presence of ash components catalyzing the volatilization to occur at lower temperatures
results in a higher temperature for the formation of wustite.
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