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Gasification and structural behaviour of different carbon sources and
resultant chars from rapid devolatilization for Hisarna alternative

ironmaking process
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Abstract: To evaluate the potential of using renewable biomass in the novel Hlsarna technology,
reactivity of thermal coal (TC), charcoal (CC), Bana grass char (BGC) before and after rapid
devolatilization at 1500 °C in a drop tube furnace (DTF) was investigated. Thermogravimetric (TG) was
used for CO; gasification study, and high temperature confocal scanning laser microscope (HT-CSLM),
Brunauer-Emmett-Teller (BET) and scanning electron microscopy (SEM) were used to characterise the
morphology of all three raw carbonaceous materials and their chars produced by rapid
devolatilization. CC has fastest gasification reaction before and after rapid heat treatment, and BGC
raw is more reactive than TC raw but BGC 1500 °C and TC 1500 °C have very similar gasification
behaviour. The reactivity index of the rapidly devolatilized char is reduced to 84.21% (BGC), 92.11%
(TC) and 94.23% (CC) compared to their raw materials. This shows that BGC is more severely affected
by the rapid devolatilization, and this behaviour is likely to be governed by the high ash content which
will melt and cause pore blockage during heat treatment. According to HT-CSLM results the average
particle sizes decreased by 28%, 24% and 20 % for TC, CC and BGC respectively. While the SEM images
shown that TC has gone through significant structural changes during the rapid devolatilization, but

CC and BGC maintained their parent structural shapes. The BET results indicate that TC is non-porous,
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but both CCand BGC contain a large number of constricted micropores with significantly larger surface

area.
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1. Introduction

The Hlsarna process is developed under the European Ultra-Low CO, Steelmaking (ULCOS) programme
as an alternative to the conventional blast furnace ironmaking due to concerns about global warming
and climate change ™. Hisarna combines the cyclone converter furnace (CCF) and the smelting
reduction vessel (SRV) into a single highly integrated smelting furnace to operate as shown in Figure
1. A pilot plant with the production capacity of 8 ton/hr hot metal was built in Tata Steel IJmuiden in
2010, subsequently commissioned and first test campaign took place in 2011 [2], [3]. During the
experimental campaigns a wide range of raw materials has been investigated confirming high
flexibility on the raw materials . Hlsarna can operate with thermal coal and fine ore directly,
therefore coke making and sinter plants are not required, which results in a reduction of CO,emission

by 10-20 % or potentially more than 80 % with the addition of carbon capture and storage (CCS)
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compared with the conventional blast furnace ironmaking process P! In addition, the raw material
flexibility also creates an opportunity to utilise renewable fuels including biomass and still maintain

process efficiency.

,—’Top gas

CCF Cyclone

SRV Smelter

I

Figure 1. A schematic of Hisarna technology combines CCF and SRV ° .

Hisarna starts with iron ore, fluxing materials and oxygen injected into the CCF, where CO rich off-gas
evolved from the SRV is burning and reacting with the ore. According to Chen et al., the reacting gas
temperature in the cyclone can reach the temperature between 1400-2000 °C 7). As a result the iron
ore fines are melted and pre-reduced by up to 20%, through thermal decomposition and reduction by
the post-combustion gases arising from the SRV [8], [9]. After hitting the wall of the cyclone, molten
iron ore moves down under gravity into the slag layer in the SRV where the temperature is between
1400-1500 °C. The granular coal (or other carbonaceous materials) is injected into this slag layer to
fully reduce the iron ore to hot metal and to dissolve carbon into the hot metal to compensate carbon

used in smelting reduction steps .
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The carbonaceous materials injected are subjected to a series of rapid physical and chemical changes
including rapid heating (from ambient temperature to 1500 °C) and devolatilization. Depending on the
ultimate temperature and the heating rate the devolatilization process can finish within several
milliseconds under rapid heating or several hours under slow heating [*?!. Devolatilization is the first
step of all the thermochemical processes, and it comprises the release of volatile matter and change
in the solid structure due to occurrence of different phenomena such as softening, swelling,
fragmentation [11], [12]. Due to the extreme high temperature (up to 1500 °C) in SRV, a large amount
of volatiles are released instantly after injection of carbonaceous materials which results in dramatic
transformation in the solid particle structure. The ascending hot gas stream created by the released
volatiles during devolatilization, and the gases generated by reactions within the SRV will maintain the
temperature in the CCF and partially reduce the iron oxide. However, about 80% of the reduction
reactions takes place in the SRV, through direct/indirect reactions between FeO in slag with solid char,
dissolved carbon in the liquid metal and reducing gases respectively. The overall reaction between
FeO containing slag and solid carbon or carbon in molten iron at high temperatures can be described
by equation (1).

FeO )+ C )/ [Fe=C ] > Fe o)+ CO (g (1)
Previous studies have shown that parameters including particle size, surface roughness, shape,
porosity and chemical composition of the char as well as the reaction atmosphere affect the reduction
of FeO in the slag and dissolution of carbon in the metal bath 38, |t was found that the ultimate
structure will have a significant effect on the wetting and the contact angle between materials, which
subsequently affects the reactivity of the char and will influence the reduction rate of FeO in the slag
through direct/ indirect reactions. It is well known that thermal treatment significantly affects the
final char morphology of the carbon material, therefore an extreme high temperature in SRV will have
a significant impact on the char structure e.g. shape, size, roughness and porosity [12], [19]-[21].
Therefore, to select the right mix of carbonaceous materials such as replacing thermal coal with

biomass, it is essential to understand the changes in the char morphology and reactivity and the
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formation of char structure for each carbonaceous material caused by the rapid devolatilization under
thermal conditions similar to the Hlsarna SRV, that is, High-temperature and rapid heating.

Effects of experimental conditions such as temperature, heating rate, pressure, residence time and
reaction atmosphere on physical and chemical properties of chars produced from coal and biomass
materials have been extensively investigated [12], [19], [28]—-[31], [20]-[27]. These studies are carried
out through evaluating the char morphology and size changes caused by the variation of these
conditions, as well as the kinetics and char reactivity analysis under different oxidation conditions.
Through examining the size and morphology of two biomass materials and chars produced under rapid
heating to 1400 °C by Biagini et al. ?¥, it was revealed that the rapid heating caused significant
structural variations in the chars produced in respect to the parent materials. The study also found
that the char particle size reduced quite significantly by rapid heating for woody biomass, however
the change in size was negligible for olive char. In another study by Biagini et al., it was found that the
particle size for all the fuels decreases with severe heating and also the density of coal decreases, but
the density of biomass fuels increases 3. During the investigation of porous structure parameters for
different grades of coal to compare with biomass char produced at high temperature by Smolifiski and
Howaniec, it was found that the micro pore surface, area and volume of carbonaceous materials
depend on the chemical properties, therefore an increase in the fixed carbon content will result in
decrease in the porous structure of the material 1?2, Biagini et al. '@ also studied the reactivity of char
residues remaining from the rapid heating of two biomass materials to different final temperatures
and concluded that the chars produced under higher temperatures are more reactive to air oxidation
atmosphere than chars produced in milder conditions. The kinetic study carried out by Tanner and
Bhattacharya using different oxidation atmospheres showed that the gasification atmosphere can
affect the kinetic parameters but the particle size selected did not have big influence on the reaction
kinetics (23!, Karlstrém et al. 2% studied the apparent reaction order for different coals and a biomass,
and concluded that depending on the operating conditions, the reaction order can vary for

carbonaceous materials and the study showed higher reactivity for biomass char compared to coal.
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Moreover, other factors such as biomass torrefaction degree °, particle size ?°), and residence time
271 are shown to have an impact on the reactivity of the chars produced by high-temperature rapid
devolatilization.

Although extensive research has been conducted on char characterization for different carbonaceous
materials, the research reported was mostly carried out under low or medium temperature up to 1000
°C and focused on the properties of the chars and not much detailed explanation was given on how
these properties may affect the utilization of char in ironmaking processes. To understand
characteristics of the chars received in the SRV bath, the study of these materials needs to be
undertaken under more extreme conditions similar to SRV e.g., higher heating rate and temperature,
and investigate the implication of the char properties on the SRV behaviour. Therefore, the objective
of this study is to investigate coal and biomass char particles produced under similar thermal
conditions to the Hlsarna’s SRV. To simulate the sudden high heating rate and high temperature
conditions that the carbonaceous materials experience, a drop tube furnace reactor (DTF) is used to
produce char particles. The resultant chars are subsequently used for morphology, image analysis and
reactivity test using SEM imaging, Imagel software and thermogravimetric analyser (TGA) respectively.
Also, the high temperature confocal scanning laser microscope (HT-CSLM) is used to monitor the real-
time changes of carbonaceous particles during rapid heating. The HT-CSLM allows for continuous
imaging of 2D plane within the small sample surface, to observe changes in size and shape of the
particles under controlled high heating and cooling conditions applied.

2. Materials and methods

2.1. Sample preparation

One thermal coal and two biomass samples were chosen for this study. All the samples were dried at
80 °C for 12 hours to ensure all the surface moisture has been removed, and then crushed into small
particles with the size range from 90 to 300 um. The thermal coal (TC) and charcoal (CC) (a Birch wood
based pre-treated biomass) have already been used in Hlsarna process during the pilot plant trials,

while the Bana grass char (BGC) (derived from a grass-based torrefied material provided by Orange —
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Green through Tata Steel Nederland) is another renewable biomass source which may be considered

for future Hlsarna trials. Table 1 shows the proximate and ultimate analysis data for all three samples.

Table 1. Proximate and ultimate values of the used carbonaceous materials using 1SO 17246:2010

standards

TC CC BGC
Proximate Analysis wt% (db)
Moisture/ % (ad) 8.87 4.56 2.52
Volatile Matter 22.18 12.10 19.00
Ash 8.80 1.80 9.11
Fixed Carbon (by difference) 69.02 86.10 71.89
Ultimate Analysis wt% (db)
Carbon 81.91 89.40 78.60
Hydrogen 4.27 3.11 3.28
Nitrogen 2.19 0.57 0.46
Sulphur 0.24 0.06 0.14
Oxygen by (difference) 2.59 5.06 8.41

db — dry basis; ad — air dried.

2.2. Experimental methods

2.2.1. High temperature char preparation

The high temperature chars are produced through rapid devolatilization of the carbonaceous

materials in the drop tube furnace (DTF) which is schematically shown in Figure 2. The DTF is

constructed using an electric resistance heating high temperature vertical tube furnace (VTF) with a

recrystallized alumina tube (VTF-1700/50, internal diameter 88 mm x length 1000 mm) and an

isothermal reaction zone (5 °C) of 250 mm. Before injecting the sample particles, the furnace was

heated to the pre-set temperature of 1500 °C, allowing the carbon samples injected to be rapidly

heated at the heating rate of approximately 10°~10° °C/s [2°!. The carbon particles were injected into
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the pre-set temperature zone through a particle feeder designed using a tee piece connected to two
ball valves and an argon line to create an inert atmosphere and carry the particles to reaction zone
during injection as shown in Figure 2. The particle feeder was mounted to the top water-cooled flange
and directly connected to an alumina lance (internal diameter 5 mm) inserted through the flange into
the reactors hot zone. Before the experiment starts a sample of approximately 100 mg was placed on
the seat of the bottom ball valve on the “off” position, and Ar (with a 99.999% purity) flush through
the feeder to create an oxygen-free atmosphere and then closed all the valves. While the furnace was
heated to the desired temperature at the heating rate of 10 °C/min, a carrier gas (Ar, 99.999% purity)

controlled at 1 L/min was purged through the furnace from the bottom to ensure an inert atmosphere.



166

167

168

169

170

171

172

173

174

Feeder system — ——  Pressure gauge

.
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v _$
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Figure 2. Drop tube furnace (DTF) for rapid devolatilization study to produce solid char particles.
When the furnace temperature reached the pre-determined high temperature, the valve holding the
sample was opened, and at the same time the valve controlling the Ar gas was switched to the feeder
for ~10 seconds to maintain the atmosphere while the samples are injected and carry the sample
particles to the isothermal region in the furnace and collected in the crucible at the bottom of the
furnace.

The ash tracer method was used to determine the char yield for each carbonaceous material during

the rapid heat treatment, assuming the minimum mass remaining after combustion is the ash content
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of the samples. The ash tracer method assumes that ash is an inert material and maintained during
combustion process 32, One gram of dried materials for each raw carbon source and their
devolatilized chars are added to pre-weighted alumina boat and placed in the muffle furnaces under
air atmosphere. The samples are heated at the heating rate of 10 °C/min, and then held at 800 °C for
an hour to ensure that the combustion process is completed. The sample remaining and pre-weighted
alumina boat are weighed again, then the initial alumina boat weight subtracted to obtain the weight
of the ash, and using equation (2) below the char yield was calculated 3!:

Char yield % === x100 (2)
Where Aiis the ash content in the raw carbonaceous material (on a dry basis) and Ac is the ash content
in the char produced under Hlsarna thermal condition (on a dry basis).

2.2.2. Analytical method for char characterization

Char particles produced during DTF injection in 2.2.1 and parent materials are analysed and compared.
The reactivity test for the char particles was carried out using thermogravimetric analysis (TGA) with
a NETZSCH STA 449 instrument that has an analytical balance sensitivity of £ 0.01 mg. A 20 mg £ 0.01
sample was placed in an alumina crucible (height 4 mm x diameter 6.8 mm). The alumina crucible with
test sample was placed on a platinum stage, which has a thermocouple located directly underneath
to provide real temperature for the sample tested. All the samples were heated from the ambient
temperature to 1500 °C at the heating rate of 30 °C/min in a high purity (99.9999%) argon atmosphere
with the flow rate of 50 ml/min. Once the desired temperature reached the sample was kept at that
temperature for 10 minutes under Ar and then the gas atmosphere switched to (99.999%) CO, for 30
minutes with the flowrate of 50 ml/min to minimize the resistance around the particles resulting from
the stagnant gaseous film. The mass loss of the sample was continuously recorded to analyse the
effect of rapid heat treatment on each carbonaceous material in comparison to their parent materials.
The test samples are subject to buoyancy effects, therefore, to eliminate the errors caused by these
effects, the correction measurements were carried out by filling alumina crucibles with 20mg of inert

Al,O3 powder and perform similar test procedures to actual test samples, then the results of the inert
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tests were subtracted from the test results. To ensure the reliability and reproducibility of the method,
the test for the same sample has been repeated three times to produce concordant results. The
gasification test results are used to calculate parameter such as char conversion and reactivity index

for each material. Carbon conversion due to gasification is defined by equation (3):

mi-mt

X = (3)

mi-mf

where mi is the initial weight of the sample before gas atmosphere was changed to CO,, mt is the
instant weight of the sample at time t, and mf is the final weight of the sample after gasification
reaction. The gasification reactivity is evaluated by the reactivity index (Ros) which is expressed by
equation (4).

Ros =— (4)

where to s is the time when char conversion is 50%.

2.2.3 Char structure analysis

Scanning electron microscopy (Sigma Zeiss SEM) images were obtained for each carbonaceous
material sample before and after rapid heat treatment to investigate changes in shape and structure.
Some random particles of each material were mounted to the carbon stub and placed in the SEM
chamber. Magnification degree between 200 X to 400 X with the imaging conditions of 10 kV voltage
applied for detailed study of SEM images for single particles e.g., surface roughness and porosity.

N, (77K) adsorption was applied to determine the carbonaceous material specific surface area, pore
volume, and average pore diameter based on the multipoint Brunauer-Emmett-Teller (BET) method
221 Approximately 1g of both raw and char samples for each carbonaceous material was degassed by
heating at 200 °C under vacuum for 12 hours. Then using BET equipment (Micromeritics ASAP2020)
the N, adsorption isotherms were obtained at liquid nitrogen temperature (77 K) and relative
pressures between 0.011 and 0.996 for the degassed sample.

2.2.4. Direct observation under high temperature confocal scanning laser microscope (HT- CSLM)
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The schematic of the HT-CSLM microscope is shown in Figure 3. The inner body of the chamber is a
gold-coated, elliptical shape, to provide reflection for the IR radiation produced by the halogen lamp
at the lower focus point to heat the small sample at the upper focus point. This results in possible
heating rates of up to 1000 °C/min and temperatures up to 1600 °C. The platinum sample holder is
positioned in the centre of the upper focal point through the extension of an alumina rod from the
side of the chamber. A R-type thermocouple wire is fused into the bottom of the platinum sample
holder at the free end of the alumina rod to provide real temperature of the samples tested. A small
quantity of dispersed particles from each carbon source was added into the Pt crucible (height 4 mm
x diameter 6.5 mm). The Pt crucible with the test sample was placed on alumina (Al,Os) spacer on the
platinum stage within the reaction chamber, the alumina spacer is used to prevent fusing between Pt

crucible and the platinum stage at high temperatures.

He-Ne Laser

Charge Coupled Device
(CCD)

Half mirror

Scanning at 15 frame

Quartz viewing port rate

Sample and Pt
crucible

Gas inlet —» =0 Stage assembly
R-type

Gas outlet —» <— thermocouple

Gold coated

chamber Quartz glass

partition
Halogen lamp

Figure 3. Schematic of the HT-CSLM to study real-time changes in the shape of carbon particles
Before starting experiments, the chamber was evacuated using rotary vacuum pump for a few seconds

and being refilled with a high purity (99.9999%) argon gas. This procedure was repeated three times
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to ensure an inert gas atmosphere achieved. The experiments were then performed under continuous
argon flow of 300 ml/min to remove volatiles released by the sample and maintain an inert
atmosphere within the reaction chamber. The furnace was first heated from the atmospheric
temperature to 200 °C, at the heating rate of 60 °C/min and held at that temperature for 60 seconds
to dry the samples, to condition the bulb and evaporate isopropanol which was used for cleaning.
Then the sample was heated to 1000 °C at the heating rate of 100 °C/min, to ensure the sample is
devolatilized and clear images are captured to measure all the changes in the particle structure. Using
an X5 objective lens the optical system positioned directly above the heating chamber was set to
simultaneously record 2D plane images at a rate of 15 frames per second, which can be viewed as
either a video or still images. Using Image) software, the change in the particle size was measured in
terms of their 2D area at different temperatures. These measured areas were then used to calculate
the swelling ratio of the particle at temperature (SR:) which is defined by Equation (5) where Aqis the

area of the particle at the beginning of the test and A is the area of the particle at temperature =t.

A
SR = A_Z (5)

To ensure representative results are produced, five particles in each sample were focused on and the
changes in particle shape and size at different temperatures were measured to calculate mean particle
change.

3. Results and discussion

3.1. Devolatilization results

To investigate the effect of rapid heating and high temperature devolatilization on carbonaceous
materials and determine the difference in the behaviours of these three materials, DTF was used to
produce chars. The produced char particles were considered to have similar physical and chemical
properties to those encountered in the Hlsarna process. During the rapid heating of carbonaceous
materials several reactions take place simultaneously, including break-up of chemical bonds,
vaporization, and condensation. The moisture and volatile matter content decreased significantly

because of the effect of high temperature, while the fixed carbon increased resulting from the
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vaporisation of the moisture and the release of the volatile matter. Using the ash tracer method, the
char yield for TC, CC and BGC was calculated as 78.0 %, 69.9% and 80.2% respectively. This indicates
that CC has gone through the highest conversion degree (30.1%), followed by TC (22.0%) and BGC
(19.8%) which has lowest conversion degree during injection. According to the proximate analysis
results CC has the lowest volatile matter content with the highest fixed carbon, yet the conversion
degree was the highest, which indicates that oxidation of the carbon was most significant for CC during
injection. These results agreed with the authors’ previous findings using different techniques to
measure the char yield for two of these materials [33]. The char yield was calculated by weighing the
carbonaceous material before and after the rapid heat treatment at the temperatures of 1000, 1250
and 1500 °C and the weight loss results are very similar in this study compared to previous finding for
both TC and CC at 1500 °C B4

On the other hand, the conversion of both TC and BGC was much lower than CC and the conversion
due to rapid devolatilization agrees with the volatile matter content in their raw materials. This
behaviour for CC confirms that injection of CC can lead to lower char yield in Hlsarna’s SRV bath
compared to TC and BGC, but higher combustible gas yield which could affect the Hlsarna reactors
behaviour. For example, it may be necessary to increase the Hlsarna’s CCF efficiency (i.e., the
efficiency of iron pre-reduction in CCF by CO off-gas evolved from the SRV) to utilise the extra
reductive gas proportion produced during CC injection to maintain the overall efficiency for
combination of CCF and SRV. Furthermore, the results reveal that despite the lower VM content in CC,
its conversion is significantly higher, therefore the char yield is not determined by VM content only,
but also the physical and chemical properties of carbonaceous materials directly influence the solid
char yield during rapid devolatilization.

3.2. Gasification analysis using Thermogravimetric analyser (TGA)

To compare the gasification behaviour of the carbonaceous materials selected and study the effect of
rapid devolatilization, the reactivity with CO; is analysed using TGA for the char particles produced

during DTF injection and their parent materials. The relative reactivity of the three carbonaceous
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materials and their chars prepared under rapid devolatilization are compared using their weight-loss

profile in TGA, as shown in Figure 4.

100 100 «
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—+—CC raw ——CC 1500 °C
804 —— BGC raw 80 4 —e— BGC 1500 °C
- < - E
2| o 2| o
n 60 4 -Q -- - -- - » 60 - o
] o ] o ! !
° 0 Isothermal;1500 °C CO, L) 0 Isothermal;1500 °C CO,
g © % T
swq £ g% £
S £ s £
o o]
2 2
20 20
0 —t 0 T ,
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)

(a) (b)

Figure 4. The isothermal weight loss profile under carbon dioxide at 1500 °C for (a) raw carbonaceous
materials and (b) chars produced during rapid devolatilization in the DTF.

Clearly, the raw CC has the fastest gasification reaction with CO,, followed by the BGC raw and TC raw
(Figure 4a). The CC char produced from rapid devolatilization has the fastest gasification reaction with
CO,, but the BGC and TC chars produced from rapid devolatilization showed very similar behaviour as
can be seen in Figure 4b. Based on this weight loss profile, the reactivity index values with the error
bars representing standard error in either side of the mean are calculated and shown in Figure 5. As
shown in Fig. 5, rapid devolatilization causes the carbonaceous materials to be less reactive with CO,,
and this effect has been more significant for BGC. Previous studies have reported that rapid
devolatilization could promote the char gasification characteristics due to the accelerated release of
the volatile matter, which can increase the internal pressure of pores and destroy their structures to
increase the specific surface area [35], [36]. However, the rapid devolatilization at high temperatures
(e.g.,1500 °C) reduces the chemical functional groups and increase the ash content, while the
carbonaceous materials ranking is upgraded (e.g., fixed caron and energy content increased). This

results in more compact stable structures hindering the char gasification 2°!. The reactivity index for
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all three chars produced by rapid devolatilization process at 1500 °C was lower than that for the raw
carbonaceous materials with the index ratio for BGC 1500 °C, TC 1500 °C and CC 1500 °C being 84.21%,

92.11% and 94.23% of their raw materials respectively.
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Figure 5. Reactivity index for raw materials and devolatilized chars produced under rapid heating at
1500 °C.

The results in Figure 5 further confirm that CC will be the most reactive carbonaceous material in
Hisarna SRV, while TC and BGC have very similar gasification behaviour. The higher reactivity for CC
may cause instability in the SRV due to behaviours such as foaming from faster CO formation and
changes in furnace temperature, and may lead to lower efficiency in SRV, therefore it is necessary to
enhance the productivity of the CCF during CC injection to utilize the extra CO generated from the CC
devolatilization.

3.3. Qualitative SEM analysis

SEM images of all three raw materials and their chars produced from rapid devolatilization at 1500 °C
are shown in Figures 6. These images represent a bulk behaviour for each carbonaceous material.
furthermore, an individual particle from each material before and after rapid devolatilization is

magnified for an in-depth study and represented in Figures 7 and 8 respectively.
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Figure 6. SEM images of bulk materials (a) TC raw; (b) CC raw; (c) BGC raw; (d) TC 1500°C; (e) CC 1500
°C; and (f) BGC 1500 °C.

Comparison of these chars from rapid devolatilization and their corresponding parent materials shows
significant morphological changes caused by the rapid devolatilization process. These images are
taken after a preliminary analysis of a large sample to ensure that typical morphologies observed for
each sample. The difference in size, shape and surface roughness can be noticed for parent materials
and their chars produced from rapid devolatilization. The TC particles are observed very compact with
irregular shape and smooth and non-porous surface as can be seen in Fig. 7a. However, both biomass
samples (CC and BGC) have maintained their fibrous structure, and the cross-section view of CC shows
that the capillaries from the wood are still present with a large number of micropore and mesopores
of non-uniform size on the plane surface which will contribute to the relatively larger specific surface
for CC as shown in Fig. 7b. Less capillaries of small diameter and coarser particle surface can be

observed through the BGC particle (Fig. 7c).
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Figure 7. SEM images of raw materials (a) Thermal coal TC (b) Charcoal CC (c) Bana grass char BGC
The oblong particles observed for BGC with the length of the particle is larger than the sieve range
(90-300 um) used. During sieving process only the width of the particle is considered, since oblong
particles may pass through the mesh with its minor size, as a result the representative size is much
higher than it is counted for, which has also been reported by other researchers B7.. In contrast, CC is
the mixture of more irregular shape with some spherical and oblong particles.

As it can be noted in Figure 8 all the char particles produced from rapid heating at 1500 °C maintained
similar shapes to their parent materials, however the size of the char particles is reduced compared
to the parent materials, although some of the particles are sintered for TC. This change can be linked
to mechanisms such as particle shrinking or fragmentation depending on the thermal treatment. Both
biomass samples were able to maintain the morphology similar to their parent materials, because the
natural porosity within the materials allows the release of the volatile products without severe change
in the particle structure. In contrast, TC sample has gone through much more severe transformation,
as it can be seen in Fig. 8a, large openings on the char surface are observed, which are caused by the
release of volatile products through a melting surface of the char during the rapid devolatilization at

1500 °C.
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Figure 8. SEM images of chars produced from rapid devolatilization at 1500 °C for (a) Thermal coal TC
(b) Charcoal CC (c) Bana grass char BGC.

During the rapid heating, the solid matrixes of carbonaceous materials are softened, resulting in some
of the pores to be clogged. Then the volatile matters generated inside the particle creates an
overpressure, which leads to bubbles formation and subsequently burst to the openings on the char
surface 2, This phenomena is more evident in the TC particle due to more compact structure and
thermal coal also known to have higher thermoplasticity 8, as a result swelled surfaces and large
cavities under the surface can be seen in Fig. 8a. It can be speculated that this behaviour in TC particle
can create smoother surface, which can cause the material to be less reactive for the subsequent steps
of oxidation. Although the chars of CC and BGC after rapid devolatilization retained their parental
shapes, this rapid heating is likely to have caused collapsing phenomena due to melting of ash and
softening in the solid matrix, as a result more compact structure has been produced than their
parental materials. This explains the slowdown in the gasification behaviour during the reactivity tests
for all carbonaceous materials, BGC with the highest ash content is expected to suffer the most,
followed by TC and CC as shown in Fig. 4 and Fig.5.

3.4 Quantitative BET analysis

The porosities of the raw carbonaceous materials and their chars produced by the rapid
devolatilization at 1500 °C are measured by the N, adsorption—desorption isotherms and shown in Fig.

8. According to the International Union of Pure and Applied Chemistry (IUPAC) classifications the
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isotherms for both TC and TC 1500 °C belong to type lll isotherm as can be seen in Figs. 9a &9d

respectively. The flat region corresponds to the monolayer formation, which indicates weak

interaction between the adsorbent-adsorbate, and this could be due to non-porous or existent of

macroporous only on the TC structure 3% The rapid devolatilization caused the adsorption isotherm

to increase slightly for TC, and it has resulted in an increase in the average pore diameter and BET

surface area as shown in Table 2. The adsorption isotherms for both CC raw and BGC raw shown in

Figs. 9b & 9c belong to type | isotherm, which indicate more microporous in these materials [4°-42],

Also for both materials steep uptake is visible at very low p/po, which is due to high interactions

between adsorbent-adsorbate in narrow micropores as a result micropores are filled at very low p/po
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Figure 9. Nitrogen adsorption—desorption isotherms of (a) TC raw; (b) CC raw; (c) BGC raw; (d) TC
1500°C; (e) CC 1500 °C; (f) BGC 1500 °C.

As shown in Figs. 9e and 9f, both CC 1500 °C and BGC 1500 °C belong to type Il isotherm, which
confirms changes in the pore structure for both materials under the rapid heating #°. Although
steeper uptake is visible for the BGC raw compared to the CC raw at low p/po, the isotherm for CC
1500 °C (Fig. 9e) is significantly steeper than the isotherm for BGC 1500 °C (Fig. 9f) at low p/po. This
could be due to higher collapsing of micropores in BGC compared to CC from the results of higher ash
content in the BGC which can melt and soften the solid matrix during the rapid heating at 1500 °C. As
it can be seen in Figs. 9b & 9¢, both CC and BGC raw isotherms present a non-reversible desorption
branch, and this is due to presence of constricted micropores which limits the adsorption of the N; at
77K. In contrast, all the other materials including CC 1500 °C and BGC 1500 °C produced a hysteresis
loop at the relative pressure between 0.45 and 0.99. Similar findings has been reported by Wang et
al. ¥ which has been linked to the difference in the evaporation behaviour compared to condensation
within the pores due to capillary condensation in mesopores.

The BET surface area, pore volume and average pore diameter determined are shown in Table 2 for
all three raw materials and their chars after the rapid heating at 1500 °C. Despite the slight increase
in the BET surface area and average pore diameter after rapid devolatilization, both TC raw and TC
1500 °C appear to have significantly smaller surface area compared to the biomass materials, which
results in the lower reaction rate for the TC samples. As expected, CC raw has very large surface area
that was further increased by the rapid devolatilization, while the average pore diameter decreased
significantly. This could be due to particle fragmentation during the rapid heating resulting in the
smaller particles and high surface area, subsequently larger amount of N; adsorbed while the average
pore diameter decreased which could be due to blockage or collapse of some of the original pores 2.
Table 2. BET surface area and pore characteristic parameters for both raw carbonaceous materials

and chars produced during rapid devolatilization at 1500 °C.

Samples BET Surface area® /m?g?  Pore volume®/cm3g™?  Average Pore diameter® /A
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TC raw 1.1 0.004 216.7

TC 1500 °C 1.5 0.005 249.0
CCraw 36.0 0.025 459.8
CC 1500 °C 61.7 0.060 52.7
BGC raw 48.6 0.032 553.5
BGC 1500 °C 13.4 0.030 111.4

3BET equation was applied between p/po=0.05-0.3 at adsorption branch of the isotherm. "Total pore
volume at p/po=0.99. “Desorption average pore width by BJH method.

BGC raw appears to have higher BET surface area compared to other raw materials, but the BET
surface area and average pore diameter decreased quite significantly by the rapid heating. This
behaviour in BGC again could be due to the high ash content, ash composition and morphology in the
BGC raw and the ash in BGC raw material will melt during the rapid heating and create more compact
structure with smaller surface, hence this is also evident in the gasification tests. These BET results
illustrate that gasification behaviour of carbonaceous materials may be controlled more by
parameters such as particle shape, porosity, ash content and chemistry rather than the surface area
for the materials selected for this study.

3.5. Temperature effect on char size and shape variation

It is apparent from Figures 7 & 8 that rapid devolatilization results in changes in size and shape of the
carbonaceous materials caused by the release of the large amount of volatile products in a short
period of time. The size and shape of the solid carbonaceous materials may play an important role in
the Hlsarna reactor due to their effects on the fluid dynamics and the diffusion mechanisms. To better
understand the variation in size and shape under thermal treatment, the high temperature confocal
laser scanning microscope (HT-CSLM) has been applied. The main advantage of using this technique is
that HT-CSLM allows continuous imaging of 2D plane of particles at the temperature under controlled
high heating rate (up to 100 °C/min) while the changes in the size and shape are taking place. Figure
10 shows the comparison of the average change in the particle size and shape for all the parent

carbonaceous materials studied. The results show that the final swelling ratio for all materials is
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Figure 10. A comparison of an average swelling profile for five particles of each raw carbonaceous
material under argon at heating rate of 100 °C/min in the HT-CSLM.

The swelling ratio profile for TC shows that at the temperature between 380 °C and 470 °C the swelling
ratio increases in a series of oscillation. This behaviour in TC can be linked to the formation and rupture
of bubbles due to the release of volatile products and reformation of bubbles within that temperature
range as shown in Figs. 11b to 11d. This phenomenon is most obvious in particle one and particle five
which are highlighted. It is believed that this variation in the swelling profile in that temperature range
is attributed to the release of different volatile products due to decomposition of different
components at a specific temperature. This behaviour agrees with the authors’ previous findings for
the same thermal coal material, which shows that each volatile products such as CO, CO,, H,and light
hydrocarbons is released at specific temperatures within the temperature range between 400 °C and
500 °C during thermal decomposition 4. After reaching the maximum swelling ratio at 460 °C the
reformation of bubbles no longer takes place, and the particle size decreases rapidly due to severe

bubble ruptures and particle shrinking. As a result, the average particle size is reduced to around 72%
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Figure 11. Illustration of swelling behaviour of TC at (a) 200 °C; (b) 457 °C; (c) 460 °C; (d) 464 °C; (e) 468
°C; and (f) 996 °C during heating in the HT-CSLM at 100 °C/min.

The behaviour of biomass samples (CC and BGC) differs from that observed for TC. No swelling was
observed for either biomass sample, but the particle size for both materials was observed to decrease.
The decrease in the swelling profile starts at different temperatures for each biomass sample. The
decrease in the average particle size for CC starts at temperature around 350 °C, at a very slow ratio
but it accelerates at the temperature > 450 °C with the final particle size being around 76% of starting
particle. Again this result agrees with previous finding by the authors on devolatilization behaviour for
the same material, and this confirm the size decrease is due to release of volatiles and reactions at the
particle surface ¥, The decrease in the swelling ratio for BGC was observed to start at the

temperature >550 °C, this could be related to the fact that BGC has already been pre-treated to 500
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(f)

Figure 12. Illlustration of changes in particle size and shape of CC at (a) 200 °C; (b) 600 °C; (c) 996 °C;
and BGC at (d) 200 °C; (e) 600 °C; and (f) 998 °C.

The final average particle size for BGC was reduced to 80% of the starting particle size. Furthermore,
there is no change in shape of biomass samples, and both CC and BGC retained the shapes of their
parental materials, but TC particles suffered much more severe physical changes and the particle
roundness increased.

4. Conclusion

To understand the behaviour of carbonaceous materials during injection in the novel Hlsarna
ironmaking process, chars of three different carbon sources are produced by rapid devolatilization at
1500 °C which is similar to the thermal conditions the injected carbonaceous materials undergo in the

Hisarna process. The behaviours (reactivity, morphology change, surface area and swelling) of three



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

different carbon sources and their chars produced from rapid devolatilization at 1500 °C were
investigated using analytical and morphological methods. The following conclusions can be drawn
from this study:

e CC has gone through the highest carbon conversion degree (X) during rapid devolatilization,

followed by TC and BGC, 30.1%, 22.0% and 19.8% respectively. This confirms that the
devolatilization conversion is not determined by the volatile matter (VM) content only, but the
physical and chemical properties of the carbonaceous materials also directly influence the
conversion degree during rapid devolatilization.

CC has shown the fastest gasification reaction before and after rapid devolatilization, followed
by BGC raw and TC raw. Rapid devolatilization caused the chars produced from all materials to
be less reactive with CO,, but this behaviour was more significant for BGC. As a result, both TC
1500 °C and BGC 1500 °C have shown very similar gasification reaction.

Rapid devolatilization resulted in the decreased particle size for all carbonaceous materials due
to the release of volatiles and fragmentation. SEM images showed that chars produced from TC
have gone through severe degree of structural transformation while chars from biomass
samples (CC and BGC) maintained their parent structural shapes. This is confirmed by the direct

observation of the structural change for all three carbonaceous materials using HT-CSLM.

e The BET results indicate that TC is non-porous or contains macroporous only, while both raw

biomass samples (CC and BGC) contain a large number of constricted micropores and
mesopores which resulted in significantly larger surface area for biomass samples. However,
the average pore diameter decreased significantly for both CCand BGC because of rapid heating
leading to blockage or collapse of some of the original pores. Furthermore, the gasification
reaction is controlled more by parameters such as particle shape, porosity, ash content and

chemistry rather than the surface area.
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