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Reduction of FeO in Molten Slag by Solid
Carbonaceous Materials for HIsarna Alternative
Ironmaking Process

DARBAZ KHASRAW, ZHIMING YAN, JOHANNES L.T. HAGE, KOEN MEIJER,
and ZUSHU LI

To investigate the use of biomass in the novel HIsarna technology, the reduction of FeO in the
slag by chars produced from thermal coal (TC), charcoal (CC), and Bana grass char (BGC) was
studied. A drop tube furnace coupled with a quadrupole mass spectrometer (DTF-QMS) was
employed to study the injection of chars into pre-melted slag in the temperature range between
1450 �C and 1525 �C. The reduction rate was calculated from evolved gases and the extent of
FeO reduction was confirmed by wavelength-dispersive X-ray fluorescence (WDXRF). The FeO
reduction proceeds through two stages, starting with a rapid reduction, which is dependent on
the carbon type, and followed by gradual leveling off. The reduction rate with the charcoal char
(CC) was the highest, over 60 pct reduction was achieved in the first 500 seconds at 1500 �C,
while ~ 50 and 40 pct achieved with TC and BGC chars, respectively, for the same reaction
time. The kinetic analysis suggests that the first and second stages of the reaction can be
described by the second-order (F2) and three-dimensional diffusion (D3) models, respectively.
The apparent activation energy values for the first stage were 290, 229 and 267 kJ/mol for
reactions with TC, CC and BGC chars, while 265, 369, and 282 kJ/mol were obtained for the
second stage. Based on the experimental data and kinetic results, it can be concluded that the
first stage is controlled by chemical reactions on the carbon surface, and the second stage is
influenced by a mixed-controlling mechanism.
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I. INTRODUCTION

HISARNA represents a new route of smelting
reduction process. It has been developed by combining
two well-known technologies, i.e., the cyclone converter
furnace (CCF) and the smelting reduction vessel (SRV),
into a single highly integrated smelting furnace.[1,2] The
process is a result of the European ULCOS (ultra-low
CO2 steelmaking) program, to find an innovative
solution for reducing CO2 emissions in steel manufac-
turing. The pilot plant located in Tata Steel, IJmuiden,
the Netherlands, was constructed in 2010 with a
capacity of 60,000 t/a. The process is flexible in raw
materials, which can utilize low-cost thermal coal

instead of coking coal and low-quality iron ore and
potential for the use of complex iron ore (e.g., titano-
magnetite).[3] By removing the coking, pelletizing, sin-
tering, and blast furnace (BF) ironmaking steps, it
reduces energy usage and CO2 emissions compared to
the traditional BF process.[4,5] There have been many
attempts to substitute coking coal and thermal coal
(e.g., pulverized coal injection) with renewable biomass
and natural gas in the BF, to reduce the environmental
impacts and help improve sustainability. However, the
necessity for burden support by coke has set limitations
on using renewable biomass in the BF, which is not
required in the HIsarna process. The flexibility of
HIsarna process in raw materials creates the potential
to substitute current thermal coal with low density and
low strength biomass and still maintains the process
efficiency and productivity.[6]

HIsarna starts with raw materials (i.e., iron ore and
fluxing agents) and oxygen injected into the CCF, where
CO-rich off-gas evolved from SRV is burned and reacts
with the iron ore. The cyclone temperature can exceed
2000 �C, at which the iron ore melts and is partially
reduced by up to 20 pct.[7,8] The molten iron ore forms a
liquid film along the cyclone wall and falls down under
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gravity into the slag layer in the SRV where the
temperature is between 1400 �C and 1500 �C. The
granular thermal coal (or other carbonaceous materials)
is injected into the slag layer in the SRV bath using
nitrogen as a carrier gas to reduce iron oxide in slag to
liquid metal and carburize the hot metal bath.[9] This
injection process causes an intense metal–slag mixing
and creates a large amount of splash of both metal and
slag that circulate through the upper section of the SRV
as droplets, where oxygen is introduced to generate heat
by combustion of the upward gas stream. These droplets
create a large metal–slag interfacial area and transfer
heat from the post-combustion zone to the slag bath to
maintain the temperature of the slag and metal.

It has been reported that the rate of reduction of iron
oxide in the molten slag is controlled by dissolved
carbon in hot metal (Fe–C) droplets and solid car-
bon.[10] Therefore, the knowledge and understanding of
slag–carbon and carbon–metal reaction kinetics are
critical aspects of the smelting process. The reduction
of FeO containing slag by solid carbon is expressed by
Eq. [1], which is considered as the overall reaction
between FeO in the slag and solid carbon:

FeO in slagð Þ þ C sð Þ ! Fe sð Þ þ CO gð Þ<1535 �C ½1�

The reaction proceeds with the help of gaseous inter-
mediates, as shown in Figure 1; when the reaction
begins, a gas film is formed around the solid carbon
which separates the molten slag from the carbon. The
reduction process consists of five individual steps as
described below[11–13]:

� Chemical reactions at the slag–gas interface are ex-
pressed by Eq. [2]

CO gð Þ þ FeO lð Þ ! Fe lð Þ þ CO2 gð Þ ½2�

� Chemical reactions at the gas–carbon interface are
expressed by Eq. [3]

CO2 gð Þ þ C sð Þ ! 2CO gð Þ ½3�

� Mass transfer of FeO from the bulk slag to the
slag–gas interface

� Carbon diffusion into liquid metal to form Fe–C
� CO and CO2 gas diffusion through the gas halo

These steps are known to have an important effect on
the reduction mechanism which controls the smelting
performance. To understand the influence of each of the
above steps in the reduction kinetics, several studies
have been performed. The role of gas–carbon reaction
(Eq. [3]) is studied by selecting different carbonaceous
materials (graphite, coke, and coal char), and it is noted
that different carbonaceous materials have different
reactivity level toward CO2, which can be crucial in
the CO generation.[10–25] In the same studies, the effect
of chemical reaction at slag–gas interface, rate of mass
transfer of FeO in the liquid slag to slag–gas interface,
and gas diffusion in the halo were analyzed to determine
the rate-controlling step(s).
Sarma et al.[10] investigated the rate of carbon

monoxide evolution from the reaction of slag containing
2 to 10 wt pct FeO with solid carbon (such as graphite,
coke, and coal char) using stationary and rotating
carbon rods, stationary horizontal carbon surfaces, and
pinned stationary spheres as the reductants to determine
the rate-controlling step.[10] It was found that the rate is
controlled by liquid-phase mass transfer, gas diffusion,
and chemical reaction at the slag–gas interface; there-
fore, the overall reduction rate is governed by a
mixed-control mechanism. Seo and Fruehan[11] studied
the reduction kinetics of blast furnace slags containing 1
to 3 wt pct FeO with a disk of coal char prepared from
pulverized coal at 1450 �C. The finding indicates that
the mixed-control mechanism is rate limiting but for low
FeO content, liquid-phase mass transfer is the primary
controlling step. The mass spectrometer technique was
used by Min et al.[12] to measure CO and CO2 evolving
from the reaction of graphite rod with slag containing a
wide range of FeO content. It was observed that an
increase in the FeO content has a positive effect on the
rate of reduction. At low FeO (< 5 wt pct) content, the
mass transfer of FeO in the liquid slag is rate limiting
but at high FeO content (> 30 wt pct), chemical reaction
at the gas–carbon interface is the rate-controlling step.
Story et al.[13] re-examined the work done by Sarma
et al.[10] for carbon gasification reaction using
mixed-control model and found that the carbon type
has a great influence on the reduction rate. Depending
on the reaction conditions, i.e., agitation and carbon
type, the overall rate is controlled by a mixed
mechanism.
To determine the role of solid carbonaceous materials

on the reduction of FeO in the slag, Teasdale and
Hayes[18] reacted slag with graphite, coke, and two types
of coal at the temperature range of 1400–1600 �C, using
online mass spectrometry for real-time gas analysis and
EPMA for quenched sample examination. The results
suggest that the carbon type significantly affects the

Fig. 1—Schematic diagram of reduction of FeO in the slag by solid
carbon or Fe–C alloy with the aid of gas intermediates.
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reaction rate, and carbon gasification takes place at the
carbon surface; however, the slag phase mass transfer is
defined as a rate-limiting step. In another study,
Fruehan[20] studied the rate of reduction of iron oxide
by chars produced from different biomass sources, coke,
and coal at low temperature range between 900 �C and
1200 �C. Huang et al.[16] studied the interaction between
slag containing iron oxide and a wide range of carbona-
ceous materials (including bio-chars, graphite, coke, and
char from tire pyrolysis). It was found that the reaction
takes place through a gaseous intermediate formed
between solid char and iron oxide. The findings sug-
gested that the carbon type has a significant influence on
the reduction rate due to their interaction with the slag;
therefore, carbon oxidation step is defined as a control-
ling mechanism. Various other factors have also been
studied which may affect FeO reduction rate including
particle size and quality of solid coal by Ozawa et al.[19]

The results indicate that the rate is controlled by
chemical reaction for high volatile matter coals, but
for low volatile coals, liquid-phase mass transfer con-
trols the rate. The finding by Ji et al.[23] for coal injection
into electric arc furnace (EAF) slags reveals that the rate
is controlled by chemical reactions at the slag and
carbon interface. For high basicity slag greater than 3.2,
the gas–carbon is the rate-limiting step but for slag
basicity between 1.8 and 3.2, the reaction at both
slag–gas and gas–carbon interfaces is likely to control
the rate. However, for low slag basicity (< 1.8), gas–slag
reaction becomes slower; therefore, it becomes the
rate-limiting step. In another study, Ji et al.[24] used
injection method to find the optimum conditions for
coal injection into EAF slags for stablizing slag foam-
ing. The study found that the carbon gasification is the
main rate-limiting step but slag–gas reaction also has
significant contribution during long injection runs.
Results by Bafghi et al.[15] also indicate that the slag
basicity controls the reduction mechanism, for the slag
with a basicity of 2, the liquid-phase mass transfer is the
rate limiting but for the lower basicity slag, the
mixed-control model is applied. In another work by
Bafghi et al.[14], the effect of slag foaming on reduction
of FeO in the slag was studied. It was found the rate is
affected by slag foaming and liquid-phase mass transfer
is the rate-limiting step.

Additionally, other aspects including Fe–C droplets
interaction with slag have been studied relevant to iron
smelting process.[25–29] Molloseau and Fruehan[30] stud-
ied the reaction behavior of Fe–C–S droplets containing
2.9 pctC and 0.01 pct Swith the slag containing 3 to 35wt
pct FeO in the temperature range of 1643 K to 1763 K.
The study shows that the FeO content has significant
effect on the droplet behavior and the droplets remained
intactwhen theFeO content is less than 10 pct and the rate
is controlled by chemical reaction on the metal surface.
However, the increase in the FeO in slag causes the
droplet to become emulsified within the slag which helps
increase the rate of reaction. Smith and Fruehan[26]

investigated the rate of reduction of FeO in the slag by
carbon in the metal with different sulfur contents from
moderate to high at 1723 K. It was found that at the high
sulfur content, the rate was controlled by metal–gas

reaction butmixed-controlledmechanism fromFeOmass
transfer and metal–gas is likely to control the rate for
reaction with low sulfur content. In another study byMin
and Fruehan,[27] it was confirmed that sulfur content has
an important effect on the rate and at high sulfur content,
the rate was controlled by kinetics at the metal–gas
interface but for low sulfur content, the rate was con-
trolled by liquid and gasmass transfer steps. The study by
Biswas et al.[28] for Fe–C droplets with oxidizing slag
suggests that the reaction is controlled by oxygen supply
to the droplets; therefore, FeO liquid-phase mass transfer
is the rate-limiting step. Gu et al.[29] conducted dephos-
phorization study by reacting iron droplets containing
carbon as well as free from carbon with FeO-containing
slag, and it was concluded that carbon content leads to
faster dephosphorization rate due to the stirring effect
fromCO bubbles formed from reduction of FeO. A series
of studies conducted by Barati and Coley[31–33] investi-
gated the kinetics of the CO–CO2 reaction with iron
oxide-containing slags. Through these studies, the
authors developed a kinetic model to measure the rate
of the CO–CO2 reaction with slag melt, which relates the
apparent rate constant to temperature, and both pre-ex-
ponential and activation energy are functions of slag
chemistry.
Among the researches reviewed here, there are some

discrepancies in the rate-controlling step and mecha-
nisms for the reaction between iron oxide containing
slag and carbon from different sources. Limited infor-
mation is available in the literature about the reaction
kinetics for smelting reduction of FeO in the slag by
solid carbon injection concerning HIsarna technology.
Therefore, the purpose of this work is to investigate the
reduction of FeO in synthetic HIsarna slag by injecting
solid chars produced from different carbonaceous mate-
rials, i.e., thermal coal which is used in HIsarna trials
and biomass which has potential to be trialed. To
conduct this study, a technique using a drop tube
furnace coupled with an online quadrupole mass spec-
trometer (DTF-QMS) was employed to study the
reactions under thermal conditions similar to HIsarna
SRV. The amount of CO and CO2 evolved from the
reactions is measured using the online QMS to calculate
FeO concentration in the slag and determine the overall
reaction kinetics in the temperature range from 1450 �C
to 1525 �C. The extent of FeO reduction in the reacted
slag samples is also quantitatively measured by wave-
length-dispersive X-ray fluorescence (WDXRF). Based
on the experimental results, the kinetic parameters, the
reaction mechanisms, and the rate-limiting steps for the
reduction of FeO in the synthetic HIsarna slag are found
for different carbonaceous materials.

II. MATERIALS AND METHODS

A. Slag and Carbon Preparation

The synthetic slag with the weight composition of 41.7
pct CaO, 33.3 pct SiO2, 13 pct Al2O3, 6 pct MgO, and 6
pct FeO was prepared using reagent grade oxide
powders (supplied by Sigma-Aldrich). The FeO powder
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used has purity ‡ 99.7 pct. The chemicals were mixed
carefully to homogenize and then stored in well-sealed
dry containers. Thermodynamic calculation by Fact-
Sage indicates that the first liquid slag forms at 1240 �C
and the slag is fully molten at 1398 �C.

The solid chars used were prepared from three
different carbon sources (one thermal coal and two
biomass materials). The thermal coal (TC) and charcoal
(CC) (a Birch wood-based pre-treated biomass) have
already been used in HIsarna process during the pilot
plant trials, while the Bana grass char (BGC) (derived
from a grass-based torrefied material provided by
Orange–Green through Tata Steel Nederland) is another
renewable biomass source which may be considered for
future HIsarna trials. All the samples were crushed into
small particles with the size range from 90 to 300 lm,
and then chars were prepared by heating each material
to 1300 �C in high-purity (99.999 pct) argon atmosphere
at the heating rate of 10 �C/min and held for 3 hours to
ensure all the volatiles are removed. The proximate and
ultimate analysis data of the carbonaceous materials
used in the preparation of chars are given in Table I.

B. Experimental Methods

1. High-temperature slag–carbon reaction
Experiments to study the reduction reaction of FeO in

the slag by solid char were performed in the DTF which
is schematically shown in Figure 2. The DTF is con-
structed using an electric resistance heating high-tem-
perature vertical tube furnace (VTF) with a
recrystallized alumina tube (VTF-1700/50, internal
diameter 88 mm 9 length 1000 mm) and an isothermal
reaction zone (± 5 �C) of 250 mm. The furnace is
coupled with a Hiden HPR 20 Quadrupole Mass
Spectrometer (QMS) to monitor gaseous products
evolving from the reaction. To protect the QMS from
soot and condensable tar, a disposable inline filter
(Parker 1/4in G nylon) with maximum flow rate and
working temperature of 152 L/min and 110 �C, respec-
tively, was installed along the connection line. The
DTF-QMS combination allowed the slag samples

containing FeO to be heated to pre-set reaction tem-
peratures of 1450 �C, 1475 �C, 1500 �C, and 1525 �C
and then chars particles were injected into the molten
slag.
Approximately 20 g of slag samples were placed in an

alumina crucible (height 65 mm 9 diameter 42 mm) on
the alumina pedestal and lifted to the hot zone of the
DTF. The char particles were injected into the molten
slag in the pre-set temperature zone through a particle
feeder which uses a tee piece connected to two ball
valves and an argon line to create an inert atmosphere
and carry the particles to the 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 top of the crucible
containing the slag in the DTF hot zone. Considering
the ash content of each material is different and
assuming the volatile matters are completely liberated,
the carbon element with FeO is calculated to be 1:1
within the char weight to fully reduce iron oxide to
metallic iron and if the reaction products are Fe and CO
only. Before the experiment starts, a char sample of
approximately 225.5, 204.2, and 226.9 mg produced
from TC, CC, and BGC, respectively, was placed on the
seat of the bottom ball valve on the ‘‘off’’ position, and
Ar (with a 99.999 pct purity) flushed 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 pct purity) at the flow rate of 1 L/min
was purged from the furnace bottom to ensure an inert
atmosphere.
When the furnace temperature reached the pre-deter-

mined high temperature, the alumina lance was lowered
into the crucible directly above the slag. The valve
holding the char sample was then opened, and at the
same time, the valve controlling the Ar gas was switched
to the feeder for ~ 10 seconds to maintain the atmo-
sphere while the char samples were injected into the
molten slag in the furnace. The experiment was contin-
ued for 1 hour, and during that time, the QMS was set
to measure readings of the following gaseous products:
N2, O2, CO, CO2, Ar, H2O, H2, CH4, and C2H6. Then
the furnace was cooled down at the rate of 5 �C/min to
room temperature in an Ar atmosphere, and the samples
were collected for further analysis.

2. Wavelength-dispersive X-ray fluorescence
(WDXRF)
The wavelength-dispersive X-ray fluorescence

(Rigaku Primus IV WDXRF with a Fluxana RAW
package) was used for chemical analysis of the reduced
slags to determine the total iron content to measure the
extent of reduction. Prior to commencing the sample
tests, the machine was calibrated against standards
fused beads to produce accurate results. The samples
were prepared into 40-mm fused beads using fully
calibrated Fluxana Vitriox Electric fuser. The powders
were fully dried prior to weighing (1 g sample to 8 g
flux). These prepared sample beads were placed in the
XRF machine, and then the XRF chamber was

Table I. Proximate and Ultimate Values of the Used
Carbonaceous Materials

TC CC BGC

Proximate Analysis Wt Pct (db)
Moisture/Pct (ad) 8.87 4.56 2.52
Volatile Matter 22.18 12.1 19
Ash 8.8 1.8 9.6
Fixed Carbon (by Difference) 69.02 86.1 71.4

Ultimate Analysis Wt Pct (db)
Carbon 81.91 89.4 78.6
Hydrogen 4.27 3.11 3.28
Nitrogen 2.19 0.57 0.46
Sulfur 0.24 0.06 0.14
Oxygen by (Difference) 2.59 5.06 7.92

ad air dried; db dry basis.

METALLURGICAL AND MATERIALS TRANSACTIONS B



evacuated, and the sample was ionized with X-rays,
which allows the iron content to be measured accurately
in a cross section.

III. RESULTS AND DISCUSSION

A. Effect of Temperature

To understand the effect of temperature on the
reduction rate of FeO in molten slag and gas evolution,
the DTF experiments for TC, CC, and BGC char
injections were conducted at four temperatures of
1450 �C, 1475 �C, 1500 �C, and 1525 �C, respectively.

It was observed that the rate of FeO reduction increases
with increasing the reaction temperature and the ratio of
gas composition measured changes. As an example,
Figure 3 shows the rate of CO and CO2 gas evolution
with the time during the reduction of FeO in the molten
slag by injection of solid chars produced from CC at
four temperatures. Note that the rates of gas formation
are in mL/s with no surface area included. This is
because there is no fixed contact area, and the particle
sizes are expected to change (swell or shrink) during the
reaction therefore the contact surface was unknown.
There was a short incubation period (15 to 20 seconds)
at the beginning of each reaction due to slow reaction at

Fig. 2—Drop tube furnace (DTF) with a quadrupole mass spectrometry (QMS) setup for solid char injection into FeO-containing molten slag to
measure FeO reduction by online QMS.
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that time and the time required for gases to travel from
the reaction zone to the detection point of the online
QMS, which is similar to the findings reported by Bafghi
et al.[15] and Sun and Easman.[34] The traveling distance
and gas mixing within the furnace may cause consistent
slight delay in the gas detection; as a result, there is a
small amount of gas measured for a period of time after
the process is completed.

The char particles injected were devolatilized and to
confirm the gas species generated are from slag–carbon
reaction only, the QMS was set to analyze CO, CO2,
H2O, H2, CH4, and C2H6 gases. These gases are the
main gas species produced during thermal treatment of
carbon materials (determined through a calibration run
where m/z (the mass-to-charge ratio) 0–50 scanned).[35]

The main gas species detected were CO and CO2 in the
Ar balance, while the content of the other gas species
was insignificant.

Some common phenomena can be observed for the
reaction at all the temperatures, as shown in Figure 3.
The gaseous product from all the tests consists of both
CO and CO2, and there are two peaks for CO with one
sharp peak which requires different time length to reach

its maximum value depending on the reaction temper-
ature. The second peak is partially superimposed on the
late phase of the first peak, and it could be from the
bubble explosion. This behavior is more obvious at
lower reaction temperature due to slower reaction rate,
and it suggests that the mechanism for reduction
reaction may change during the test. When the char
particles are first injected, the FeO concentration in slag
is high; therefore, the reduction rate is controlled by
Boudouard reaction. After a short period of reaction,
FeO concentration is decreased and Boudouard reaction
is weakened. Therefore, the reaction controlling mech-
anism shifts from the chemical reaction to liquid-phase
mass transfer or mixed-controlling mechanism which
agrees with the other researchers’ findings on similar
reactions.[11,12,15] As shown in Figure 3. the rate curve
for CO2 appears to be approaching zero after ~ 500 sec-
onds for all temperatures, this means the reaction slows
down beyond that point and the gas–slag reaction
(Eq. [2]) is slower than the gas–carbon reaction (Eq. [3])
which again confirms the shift in the controlling step.
Moreover, the time required for the first CO peak to
reach the maximum value decreases with an increase in

Fig. 3—Rate of CO and CO2 formation during CC char particle injection into 20 g of molten slag containing 6 pct FeO at (a) 1450 �C, (b)
1475 �C, (c) 1500 �C, and (d) 1525 �C, respectively, in a high-purity argon atmosphere.
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the reaction temperature, approximately 190 seconds
for 1450 �C, 170 seconds for 1475 �C, and ~ 100 sec-
onds for both 1500 �C and 1525 �C.

Figure 4 shows the volume of gas species generated
from the slag–char reactions at different temperatures.
The results in Figure 4 show similarity in the behavior
of all three carbonaceous materials, i.e., in general, the
gas volume increases with an increase in the reaction
temperature. TC produced a larger amount of CO2 at all
temperatures compared to the two biomass materials
(BGC and CC). This behavior indicates that the
reduction rate is controlled by the Boudouard reaction,
since carbon gasification is responsible for gas variation.
Gas diffusion in the halo can also be considered to have
an influence on the rate-controlling step at the first stage
of the reaction. In the authors’ previous findings,[36] TC
was shown to be less reactive with CO2 while CC was the
most reactive material. From this, it can be assumed
that the chemical reaction at the gas–carbon interface
(Eq. [3]) is the rate-limiting step for the first stage of the
reaction. Also, these results confirm that the gas
variation and reaction paths are critically dependent
on carbon type used as a reductant.

B. Extent of FeO Reduction in the Molten Slag
by Different Chars

The degree of FeO reduction in the molten slag by
char particles produced from the three carbonaceous
materials was determined at the temperatures ranging
from 1450 �C to 1525 �C. The extent and the rate of the
reduction were determined from CO and CO2 gas

measurements recorded by QMS during the reactions.
The amount of oxygen removed, which equates to the
moles of FeO reduced, is calculated from CO and CO2

gas measurement. By knowing the initial weight of the
FeO in the slag, the amount of FeO remaining in the
bulk slag can be obtained with time by the QMS
measurement. To confirm the results obtained via QMS,
the reduced slag sample at 1500 �C was examined using
WDXRF for quantitative analysis. The WDXRF results
have shown a consistent increase of Al2O3 in slag during
all experiments. The reactions observed for different
chars at temperatures ranging from 1450 �C to 1525 �C
are presented in Figure 5, where decrease in the FeO
content of the slag with reaction time is shown. To
present correct concentration for remaining FeO in the
reacted slag, the increase in the Al2O3 was carefully
taken into consideration. The extent and rate of FeO
reduction in slag vary with the chars made of different
carbonaceous materials, suggesting that the reaction
kinetics are influenced by chemical and physical prop-
erties of solid chars. The reduction process proceeds
through two steps, i.e., an initial fast reduction period
and a slow secondary stage when the FeO concentration
in slag is low. Clearly, the initial reduction rate of FeO
by CC chars is the fastest, followed by TC chars almost
for all temperatures.
However, the final concentration of FeO in the slag

was similar for all three materials at 1450 �C and
1475 �C. The TC char particles appear to have higher
reaction rate at initial stage compared to BGC chars but
the final concentration of FeO in the slag was similar
after 1 hour at 1500 �C as shown in Figure 5(c). The

Fig. 4—The amount of CO and CO2 detected during the reaction of TC, CC, and BGC chars with 20 g slag containing 6 pct FeO for 1 h at
1450 �C, 1475 �C, 1500 �C, and 1525 �C in an argon atmosphere. Error bars represent uncertainty on average in either side of the mean.
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extent of FeO reduction achieved in the first 500 seconds
under same conditions is over 60 pct for CC char, ~ 50
pct for TC char, and just over 40 pct for BGC char. The
extent of FeO reduction with char particles at four
temperatures is presented in Table II.

The QMS results in Table II show that the slag
reduction degree with CC char was the highest at all
temperatures and it has become more significant at
1500 �C and 1525 �C. TC and BGC chars are shown to
have similar reducibility with TC char performing
slightly better; however, at 1525 �C, the gap was
widened, and TC char performed much better (82.19
pct reduction degree) compared to BGC char (77.75 pct
reduction degree). On the other hand, WDXRF analysis
on the reacted slags (Table II) confirmed that the extent

of reduction was the highest for reaction with CC char
at 1500 �C, while TC and BGC chars achieved similar
reduction degree. The extent of reduction determined by
QMS gas analysis was slightly greater than those
measured by WDXRF for all reactions at 1500 �C.
Overall, the reduction degree by different char particles
calculated by QMS gas analysis is in good agreement
with that determined by WDXRF slag analysis.
With regard to the obvious difference in the reduction

degree by different char particles in the initial stage (the
first 500 seconds in Figure 5), this may be attributed to
the difference in their physical and chemical properties
of different char particles such as crystalline structure,
particle surface roughness, and ash content, which
ultimately control the slag interaction with solid carbon

Fig. 5—Reduction curves of FeO in a molten slag with different char particles at (a) 1450 �C, (b) 1475 �C, (c) 1500 �C, and (d) 1525 �C.
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particle and governing carbon reactivity.[36] Biomass
samples (CC and BGC) have non-compact, low dense
fibrous structure, and capillaries from the parent mate-
rials are still present, while TC char particles are very
compact with more spherical shape and smooth and
non-porous surface.[36] The structure and capillaries on
biomass char surface contribute to the relatively larger
specific surface for interaction. The authors’ previous
study for TC and CC confirms that CC contains
disordered graphite structure and is more amorphous
compared to TC which will enhance the reactivity of
CC.[35] The study by Huang et al.[16] proposes that the
FeO reduction by solid carbon is controlled by wetting
characteristics of the carbonaceous materials and the
carbon crystalline structure governs the interaction with
the slag, while the same study suggests that carbona-
ceous material ash content does not influence the
slag–carbon interaction. In contrast, many other
researchers[9,14,28,30,37] suggested that the ash content
has strong influence on the reaction rate between slag
and carbon. Assuming the chemical reactions (at
char–gas and slag–gas interfaces) control the reduction
process, then direct contact is not required, but gas
diffusion between carbon and slag is necessary. The
minerals (oxides) in carbonaceous materials can be
partially or fully fused to form a physical layer on the
carbon surface which can act as a physical barrier to
inhibit or even prevent CO and CO2 penetration in the
halo. The ash content of the carbonaceous materials
selected is 8.8, 1.8, and 9.6 pct for TC, CC, and BGC,
which shows that there is a correlation between ash
content and FeO reduction rate for different char
particles. Hence, it can be concluded that an increase
in the ash content has a negative effect on the reducibil-
ity of carbonaceous materials.

IV. ISOTHERMAL KINETICS ANALYSIS

An isothermal kinetics study was carried out in this
work on the rate and mechanism of iron oxides
reduction by solid carbon. The reduction degree (a)
determined from QMS gas analysis allows the model-fit-
ting methods to be adopted. Previous researchers[38,39]

used the first-order model for the FeO reduction by solid
carbon in the molten slag; however, this study examined
different models available and find the most suit-
able model which can describe the reaction kinetics.

A. Kinetic Models of FeO Containing Slag Reduction

The reduction degree (a) of iron oxides in the slag is
defined as the ratio of the oxygen removed by solid
carbon at a given time t to the initial oxygen (i.e., the
total oxygen of FeO in the starting slag), which can be
expressed by Eq. [4].[40] Please note the removed oxygen
by reaction with solid carbons is determined through
off-gas measurements for CO and CO2 recorded by
QMS. These results are subsequently used to calculate
the real-time conversion of FeO in the slag system to
allow the model-fitting method to be used for the kinetic
analysis.

a ¼ 1�mt

mi
½4�

where mi is the initial weight of the total oxygen in
FeO, mt is the instant weight of the total oxygen in
FeO at time t, which is calculated from the amount of
oxygen removed at the time, forming CO and CO2

gases measured by QMS during the reactions.
The reaction rate for FeO reduction being function of

(a) can be described by Eq. [5].

da
dt

¼ k Tð Þf að Þ ½5�

where a, da
dt
, k(T), and f(a) denote the reduction

degree, reduction rate, temperature-dependent rate
constant, and reaction function, respectively.
The reaction rate constant k (T) can be expressed by

the Arrhenius Eq. [6]:

k Tð Þ ¼ Ae �Ea
RTð Þ ½6�

By combining Eqs. [5] and [6], the overall reaction
conversion rate can be expressed by Eq. [7]:

da
dt

¼ Ae �Ea
RTð Þf að Þ ½7�

An integral form of Eq. [7] is written as Eq. [8].[41,42]

G að Þ ¼
Za

0

da
f að Þ ¼ A

Z t

0

e �Ea
RTð Þdt ¼ k Tð Þt ½8�

where G að Þ is the integral form of reaction models
shown in Table III, while T, R, t, A, and Ea are the
absolute temperature (K), ideal gas constant (J/mol/
K), the time (s), pre-exponential factor (s�1), and acti-
vation energy (kJ/mol), respectively.

B. Conversion Degree (a)

The isothermal reduction of FeO in the slag by chars
from the three carbonaceous materials was conducted at
the temperature range of 1450 �C to 1525 �C. The
reduction degree of FeO is obtained for each reductant
through measurement of evolved gases from their
reactions with the slag using Eq. [4]. As an example,
Figure 6(b) shows the FeO reduction degree by CC
chars as a function of time at four temperatures. It can
be seen from Figure 6 and Table II that the reduction

Table II. The Degree of FeO Reduction by Chars from

Different Carbon Sources at the Temperature Range of

1450 �C to 1525 �C

Temperature (�C) TC Pct CC Pct BGC Pct

QMS Gas Analysis
1450 66.01 66.10 65.10
1475 67.29 69.71 65.38
1500 75.76 81.88 74.70
1525 82.19 88.20 77.75

WDXRF Slag Chemical Analysis
1500 73.48 76.77 73.59
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rate and conversion degree of FeO increased sharply
with increasing temperature. There is a linear increase in
the conversion degree at the initial stage of reduction for
all temperatures, which then plateaued after a certain
reaction time. The temperature increase resulted in the
earlier completion of the initial stage and earlier
occurrence of the plateau. When the temperature
increased from 1450 �C to 1525 �C, the completion time
for the initial stage reduced from ~ 300 to 270 seconds
for the reaction with CC char, also the conversion
degree at the initial stage increased from ~ 35 pct to
over 50 pct (Figure 6(b)).

C. Reaction Mechanism

As previously stated, the reduction of FeO in slag by
solid carbon may be controlled by chemical reactions at
carbon–gas or slag–gas interface, mass transfer in the
slag to interface, and/or diffusion through liquid or gas
halo formed around solid carbon particle. The kinetic
models which can describe these reaction mechanisms to
determine the reaction rate are categorized into random
nucleation and subsequent growth (A), diffusion (D),
geometric contraction (R), and chemical reaction-order
models (F).[44,46,47] Dickinson and Heal[43] reported 27
kinetic models in total and those well-established models
are listed in Table III.

1. ln–ln analysis method
The Avrami–Erofeev equation is widely used to

analyze isothermal kinetics;[47,48] therefore, the model
is employed to describe the reduction kinetics of slag
containing FeO in this study. The Avrami–Erofeev
equation can be written as below[48]:

1� a ¼ e �ktð Þn ½9�

By taking the logarithm of both sides of Eqs. [9], [10]
is derived:

ln � ln 1� að Þ½ � ¼ n ln tþ n ln k ½10�

where a is the conversion degree, k is the reaction rate
constant, t is the time, and n is Avrami exponent,
which provides information about the conversion
mechanism involved during the reduction process [48].
The n values for all the selected models are presented
in Table III.
To evaluate experimental data and select the suit-

able model, ln [� ln (1 � a)] is plotted against lnt using
Eq. [10]. The slope and intercept of the fitting lines are n
and nlnk, respectively. Figure 7 shows the experimental
data fitted into Eq. [10] for CC char reaction, and the
slop n and intercept nlnk for reactions with different
reductants are presented in Table IV. Regardless of the
reductant used, the first stage values of the slope n were
between 0.79 and 0.90 for the temperature range
studied. These values are closely matching with n value
for F2 model 0.83 in Table III. Therefore, it can be
speculated that the rate-limiting step is chemical reac-
tion for the first stage of the reaction, then the
second-order model F2 is proposed and represented by
the kinetic equation: (1 � a)�1 � 1 = kt.
On the other hand, the slope n vales for second stage

are between 0.38 and 0.57, and considering most of the
values are less than or closely matching with 0.54, then
three-dimensional diffusion is the proposed model and
represented by the kinetic equation: [1 � (1 � a)1/
3]2 = kt. From these results, it can be stated that gas
diffusion or mass transfer of FeO in the liquid phase to
the slag–carbon interface is the rate-limiting step when
FeO concentration decreased in the second stage of the
reaction.
Moreover, the reaction with CC char resulted in much

higher conversion in the first stage of the reaction
followed by TC and BGC chars. This phenomenon is
due to the higher reactivity of CC chars compared to the
other two selected carbons.[36] This indicates that the
carbon type can have a great influence on the rate of
reaction, and chemical reaction is the controlling mech-
anism for the first stage. Regardless of the carbon type
used, the conversion degree is more similar at a given
temperature for reactions at the second stage. This

Table III. Some Common Rate and integral Kinetic Models for Isothermal Reactions Reprinted with Permission from Ref. 45

Code Models G(a) = kt n

Diffusion Models
D1 (a) one dimension (parabolic) a2 0.62
D2 (a) two-dimensional (Valensi–Barrer) (1 � a) ln(1 � a) + a 0.57
D3 (a) three-dimensional (Jander) [1 � (1 � a)1/3]2 0.54
D4 (a) Ginstling–Brounshtein (1–2/3a) � (1 � a)2/3 0.57

Avrami–Erofeev Models
A2 (a) random nucleation and 2D growth [� ln(1 � a)]1/2 2.00
A3 (a) random nucleation and 3D growth [� ln(1 � a)]1/3 3.00

Geometrical Contraction Models
R2 (a) contracting area 1 � (1 � a)1/2 1.11
R3 (a) contracting volume 1 � (1 � a)1/3 1.07

Chemical Reaction-Order Models
F0 (a) zero order a 1.24
F1 (a) first order � ln(1 � a) 1.00
F2 (a) second order (1� a)�1 � 1 0.83
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shows the influence of the carbon type on the rate is
weakened and the controlling mechanism shifts at the
second stage.

2. Model-fitting method
Figure 8 shows the linear fitting of G(a) against time

(t) for the selected model functions for the two reduction
stages using Eq. [8]. The slope represents the reaction
rates k(T) at a given temperature for reaction with chars
from different carbon sources. The values of k(T)

obtained at different reduction stages and the details
of the mechanism which is likely to control the reaction
steps are represented in Table V.
Based on the data fitting for ln � ln analysis method

for the first stage, the best fitting function was confirmed
as (1 � a)�1 � 1 for all tests, which represents a
second-order model. As shown in Table V, the correla-
tion coefficients (R2) values for the first stage of the
reactions are between 0.98 and 1.00, which confirms that
the regression model fits very well with the observed
data. Regardless of the materials used as a reductant,
the value of k(T) increased with the temperature
increase. CC char as a reductant has the highest k(T)
values which is related to the material’s higher reactivity
in the first stage while the values for TC and BGC chars
were much closer.
As for the second stage, the best fitting function is

[1 � (1 � a)1/3]2, which describes three-dimensional dif-
fusion model. The correlation coefficient (R2) values for
the second stage of the reactions are between 0.93 and
1.00, and the correlation is good for most of the linear
graph in Table V. Again, the reaction rate k(T) with CC
chars is the highest followed by TC and the BGC chars;
this shows that higher reactivity of CC char also
influences the second stage of the reaction.

D. Reaction Activation Energy

The activation energy Ea values for the two reaction
stages can be obtained based on the Arrhenius equation.
By taking logarithm of Eq. [6], the Arrhenius equation
is written in the below form[47]:

ln k Tð Þ ¼ lnA� Ea

RT
½11�

Figure 9 shows the linear fitting of lnk(T) vs 1/T for
different char reaction at different reduction stages
using Eq. [11] to calculate Ea. The CC char has the
lowest Ea of 229 kJ/mol for the first stage of the reac-
tion, while TC and BGC chars have higher Ea with
290 kJ/mol and 267 kJ/mol, respectively. These Ea val-
ues correlate reasonably well with other findings in the
literature that the range of 41 to 97 kcal/mol (171.5 to
405.8 kJ/mol) has been reported for reaction between
slag with similar properties and solid carbon from coal
char or graphite.[12,21] Min et al.[12] have predicted the
chemical reaction at the carbon surface likely to be the
rate-limiting step with measured Ea of 60 kcal/mol
(251 kJ/mol) for the reaction of the slag containing 10
pct FeO with graphite at similar temperature range.
The values obtained in the present study are in the
good agreement with the results obtained by Min
et al.[12] therefore, chemical reaction at carbon inter-
face is likely to be rate controlling for the first stage of
the reduction reaction.
In contrast, reaction with CC char resulted in the

highest Ea (369 kJ/mol) for the second stage which is
much higher than the first stage for the same material.
The Ea values for both TC and BGC char reactions
were (265 and 282 kJ/mol, respectively) for the second
stage which are much closer to their first stages and

Fig. 6—FeO reduction degree (a) as a function of time by (a) TC,
(b) CC, and (c) BGC chars at different temperatures.
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smaller than the Ea obtained for CC char. As shown in
Table IV, the conversion degree for the first stage
reaction with CC char was the highest for all temper-
atures, while TC char was the second highest. This
higher conversion leads to much lower FeO concentra-
tion when the second stage begins for CC reductant

compared to the second stage for TC and BGC chars. It
appears that the lower FeO concentration resulted in
higher Ea value for the second stage for CC, due to
lower gas formation which results in lower agitation of
the slag layer. As for the second-stage reaction with TC
char, the Ea value was lower than the first stage despite

Fig. 7—Avrami plots of ln[� ln(1 – a)] vs lnt for CC char reductant at different temperatures (a) 1450 �C, (b) 1475 �C, (c) 1500 �C, and (d)
1525 �C.

Table IV. Data-Fitting Values Determined by ln–ln Analysis Method at Different Temperatures for Slag Reaction with Chars
Produced from TC, CC, and CC

Reductant
Temperature
(�C)

First Stage Second Stage

Conversion
(a)

Slope
(n)

Intercept
(lnk) R2

Conversion
(a)

Slope
(n)

Intercept
(lnk) R2

TC 1450 0–0.30 0.90 � 6.02 1.00 0.30–0.62 0.57 � 4.23 1.00
1475 0–0.32 0.88 � 5.86 1.00 0.32–0.63 0.55 � 4.06 1.00
1500 0–0.42 0.85 � 5.30 1.00 0.42–0.73 0.44 � 3.04 1.00
1525 0–0.46 0.88 � 5.28 1.00 0.46–0.80 0.48 � 3.03 0.99

CC 1450 0–0.35 0.84 � 5.32 1.00 0.35–0.63 0.38 � 2.80 0.99
1475 0–0.36 0.79 � 5.05 1.00 0.36–0.68 0.46 � 3.28 0.99
1500 0–0.49 0.83 � 4.32 1.00 0.49–0.81 0.43 � 2.67 0.98
1525 0–0.52 0.90 � 5.28 1.00 0.52–0.85 0.48 � 2.93 1.00

BGC 1450 0–0.29 0.83 � 5.82 0.99 0.29–0.57 0.56 � 4.36 1.00
1475 0–0.32 0.82 � 5.67 0.99 0.32–0.60 0.53 � 4.00 1.00
1500 0–0.35 0.81 � 5.29 0.99 0.35–0.73 0.53 � 4.32 1.00
1525 0–0.37 0.80 � 5.04 1.00 0.37–0.74 0.52 � 3.59 1.00
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achieving the second best conversion for the first stage.
This indicates that the liquid-phase mass transfer influ-
ences the reaction mechanism for the second stage of the
reaction. On the other hand, despite achieving the lowest
conversion (a) in the first stage as shown in Table V, the
second stage of the reaction with BGC was slow which
indicates that the chemical reactions at char interface is still
likely to influence the controllingmechanism. Therefore, it
can be speculated that this slower reaction behavior for

BGCin the second stage isdue tohigher ash content.As the
carbon particle shrinks due to conversion on the surface,
the ash content increases and it covers the surface of the
carbonparticle to act as a physical barrier to inhibit or even
prevent CO and CO2 penetration in the halo. Considering
these concerning elements, the second-stage reaction is
likely to be controlled by more than one mechanism, and
the mechanism controlling the reaction is expected to be
the mixed limiting step.

Fig. 8—Integral function of conversion G(a) vs. time (t) at different temperatures for CC char reaction with the slag at two reduction stages.
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V. CONCLUSION

The focus of this study has been on the reduction of
FeO in the synthetic HIsarna slag (CaO–SiO2–
Al2O3–MgO–FeO) using chars from three carbon
sources. The reduction rate of FeO in the slag was
measured using the mass spectrometer and confirmed
with slag analysis, and the kinetic parameters are
evaluated from these results. The following conclusions
can be drawn from this study:

� A strong impact of temperature on the reduction rate
of FeO in slag by chars is found that the reduction
rate increases with the increase in temperature. This is

also demonstrated by the significant effect of tem-
perature on the variation of gas products CO and
CO2.

� The FeO reduction process can be divided into two
steps: the first stage with a sharp increase in the con-
version degree with time and a slow second step. In the
first 500 seconds, the reduction degree achieved at
1500 �C was over 60 pct by CC char, ~ 50 pct by TC
char and just over 40 pct for BGC char. Furthermore,
the slag reaction with CC char resulted in the highest
final degree of reduction under all temperatures, but the
difference between TC and BGC char was smaller with
TC performed slightly better at higher temperatures.

Fig. 9—Fitting curve of lnk vs T�1 at different temperatures for slag reaction with TC, CC, and BGC chars at different reduction stages: (a) first
stage and (b) second stage.

Table V. Reaction Rate k (T) Values for Slag Reaction with Chars from Three Carbon Sources at Different Temperatures

Determined by Model-Fitting Method at the Two Reduction Stages

Reductant
Temperature

(�C)

First Stage
Probable
Rate-Controlling Step

Second Stage
Probable
Rate-Controlling StepK(t) 10�3 R2 K(t) 10�5 R2

TC 1450 1.55 0.99 2nd order chemical reaction
(kt = (1 � a)�1 � 1)

4.72 1.00 three-dimensional diffusion
(kt = [1 � (1 � a)1/3]21475 1.68 1.00 5.12 1.00

1500 2.76 1.00 6.19 0.99
1525 3.36 1.00 10.50 0.98

CC 1450 2.38 1.00 3.88 0.97
1475 2.44 1.00 5.57 0.98
1500 3.95 1.00 8.90 0.93
1525 4.26 1.00 11.25 0.99

BGC 1450 1.22 0.99 3.55 1.00
1475 1.47 0.98 4.27 1.00
1500 2.04 0.99 7.52 0.99
1525 2.60 1.00 7.33 1.00
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� The first stage of the reaction is represented by the
second-order model (F2), and the activation energy
values obtained for the reactions with TC, CC, and
BGC chars were 290, 229 and 267 kJ/mol, respectively.
The first stage of reaction rate is controlled by chemical
reaction at the solid carbon interface, while for the
second stage, described by three-dimensional diffusion
model (D3), mixed influence from gas diffusion, liq-
uid-phasemass transfer, chemical reaction, and carbon
diffusion are likely to control the reduction rate.
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