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Kinetic Study on Reduction of FeO in a Molten
Hlsarna Slag by Various Solid Carbon Sources

THEINT THEINT HTET, ZHIMING YAN, DARBAZ KHASRAW, JOHANNES HAGE,
KOEN MEIJER, and ZUSHU LI

To investigate the reduction behaviour of different reductants such as charcoal (CC), thermal
coal (TC), and carbon black (CB) with HIsarna slag, a series of isothermal reduction
experiments were performed in a vertical tube resistance furnace (VTF), coupled with a
Quadrupole mass spectrometer (QMS) at 1450 °C, 1475 °C and 1500 °C. The results confirm
that the highest overall reduction rate was achieved by CC, followed by TC and CB. The
reduction mechanism between FeO containing molten slag and the selected carbonaceous
materials is determined by studying the morphology of the water quenched samples at the
intervals of 1.5, 3 and 5 minutes, using optical and scanning electron microscopes. The results
reveal that the overall reaction is controlled by two main mechanisms: (1) nucleation and
growth of CO bubbles, proceeded by the gaseous intermediates CO and CO»; and (2) diffusion
of FeO in the molten slag. The initial reduction period in which chemical reaction control is
dominant, can be described by the Avrami—Erofeev model, whereas the final period is described

®

Check for
updates

by the three-dimensional diffusion model.
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I. INTRODUCTION

HISARNA TECHNOLOGY is an alternative to
blast furnace ironmaking, developed by Tata Steel
[Jmuiden, aiming to reduce CO, emissions up to 80
pct by 2050 in conjunction with carbon capture and
storage (CCS) method.!" It involves a smelting reduc-
tion process integrated with cyclone technology, oper-
ating as a single smelting furnace."”) Melting the raw
materials such as iron ore, fluxes, and pre-reduction of
the ore occurs in the Cyclone Converter Furnace (CCF),
located above the Smelting Reduction Vessel (SRV),
where the final reduction of iron oxides takes place.!'"”
One of the great advantages that HIsarna offers is direct
use of various alternative reductants to the standard
metallurgical coal in the SRV.I' 6 wt pct of FeO in slag
is maintained in the SRV, resulting in 90 wt pct of
phosphorous being partitioned into molten slag
phase!"™ Up to date, the process has successfully
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demonstrated the capability of significantly reducing the
carbon footprints using thermal coal (TC), and charcoal
(CC) in a pilot plant at a capacity of 60,000 t/a.l'™*
These previous successful campaigns open an opportu-
nity in research to study the reduction behaviours of
various carbon in molten HIsarna slag.

The fundamentals of the reaction mechanism between
molten slag and solid carbon have been well established
by numerous researchers,” '*! and the detailed mecha-
nism is explained as follows;

(1) Once the reaction is initiated, a gas film containing CO
between the molten slag and the solid carbon emerges,
resulting from the direct reduction reaction, Eq. [1].

(2) The product CO subsequently reacts with FeO from
the molten slag at the slag/gas interface, causing
indirect reduction reaction, Eq. [2]. As a result, CO,
is generated.

(3) The generated CO, travels to the solid carbon sur-
face, producing more CO for further reduction via
gasification reaction, Eq. [3]. This intermediate step
is also known as the boudouard reaction.l**

FeO (1) + C (s) = Fe (1) + CO (g) [1]

FeO (I) + CO (g) = Fe () + COx(g) [


http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-022-02677-1&amp;domain=pdf

C (s) + COa(g) =2CO (g) (3]

Many researchers studied!"'!”! the reduction of iron
oxides in solid or molten slag by different types of
carbon, and some of the studies are summarised in
Table I. Most authors agree that the mass transfer of
FeO in the liquid phase is the rate limiting step during
slag and solid carbon reaction. Furthermore, it is
reported that the gasification reaction might play a
significant role during the reduction, as the reaction rate
is dependent on the type of carbon in some cases.!!"!*!
Hence, our initial research!"® focused on the gasification
reactivity of the alternative reductants such as thermal
coal (TC) and charcoal (CC) (both of which are already
used in HlIsarna’s trial campaigns), in comparison to
carbon black (CB) which is produced through an
alternative route, to explore the effect of their physi-
cal-chemical properties on the reactivity at different
temperatures. It has been established that the reactivity
of CC is the highest, followed by TC and CB.!'®)

The current research focuses on an in-depth study of
the reduction behaviours of those carbononacecous
materials in the HIsarna slag at the temperature range
of 1450 °C to 1500 °C. The experiments were conducted
in a vertical tube resistance furnace (VTF) to investigate
the influence of temperature and reductants on the
molten HIsarna slag-carbon reaction kinetic. The reac-
tion mechanism was studied by the kinetic curve
obtained from the online off-gas data, optical micro-
graphs, and SEM/EDS images of the quenched samples.
Finally, reaction control mechanisms are explained by
two models: (1) Random nucleation and growth
(Avrami—Erofeev); and (2) Three-dimensional diffusion
model.

II. EXPERIMENTAL

A. Materials Preparation

The synthetic HIsarna slag was made from high
purity powders of CaO, MgO, SiO,, and Al,O3
(Sigma-Aldrich, 99.99 pct) and FeO (Sigma-Aldrich,
99.995 pct). Its composition is presented in Table II,
which is similar to the composition of HIsarna slag
provided by Tata Steel Europe after excluding minor
components. First, the oxide mixture of CaO, MgO,
SiO,, and Al,O3 was heated to 1500 °C in a muffle
furnace and kept to homogenise for one hour. Then, the
molten slag was quenched with water. The quenched
slag was dried and crushed into powder using a TEMA
disc mill with stainless steel mill plates. Finally, 6 wt pct
FeO (Sigma-Aldrich) was added to the pre-melted oxide
mixture at the room temperature to ensure that the FeO
is not oxidised.

The crushed particles (69-90 um) of carbonaceous
materials were studied in current work, since crushed
particles are injected using a carrier gas in the Hlsarna
process. The physical-chemical characteristic of the
selected carbonaceous materials (CC, TC and CB) were
thoroughly studied in our previous work!* and their

compositions are presented in Table III. The crushed
particles of TC and CC were heated in a horizontal tube
furnace to 1300 °C under an argon atmosphere at the
heating rate of 10C/min and held for 3 h to fully remove
the volatiles, hence the effect of volatiles on the
reduction kinetic is neglected.The volatile components
of CB are neglectgible, since it is produced at 1450 °C.

B. Apparatus

All reduction experiments were carried out isother-
mally in a SiC resistance vertical tube furnace (VTF),
shown schematically in Figure 1. The top and bottom
ends of the tube were fitted with water-cooled flanges to
protect the O-rings of both ends. A B-type thermocou-
ple was inserted from the bottom of the furnace and sat
underneath the sample holder. Tapered alumina crucible
(31¢p x 25 ¢ x 45 mm) containing slag and carbon
powder mixture was held by molybdenum wire inside
the alumina tube (inner diameter 88 ¢ x 1060 mm).

The off-gas evolving from the reaction is analysed
continuously from the top of the furnace by using an
online Quadrupole Mass Spectrometer (HPR20,
HIDEN Analytical). A non-return valve is fitted to the
top exhaust of the furnace to maintain an inert
atmosphere in the furnace.

C. Experimental Procedure

Three grams of sample, consisting of slag and carbon
at the 1:1 molar ratio of FeO and Carbon, were
thoroughly mixed and placed in an alumina crucible.
The crucible with the experimental sample was hanged
initially at the top of the reaction tube (quench zone)
using molybdenum wire as shown in Figure 1. Argon
(NS5, 99.999 pct) at the flow rate of 1L/min was then
introduced to the VTF through the bottom lance to
achieve the inert atmosphere inside the furnace for the
reduction experiments. Meanwhile, the VTF was heated
to the selected temperatures of 1450 °C, 1475 °C and
1500 °C at 12 °C/min. The off-gas of the VTF was
monitored from the top of the reaction tube, using a
Quadrupole Mass Spectrometer. The inert atmosphere
inside the tube was achieved within 10 minutes of
introducing the argon gas. Once the hot zone, in which
the temperature was controlled within + 5 °C had
reached and held for 10 minutes at the selected temper-
ature, the sample was lowered to the hot zone via the
wire. The evolved gases from the reaction were recorded
by QMS at every 15 seconds. The sample was kept in the
hot zone isothermally until the reaction ended to study
the reduction kinetics of slag with various carbon
sources. In another set of experiment, the samples were
quenched under argon at the intervals of 1.5, 3 and
5 minutes by rapidly removing the sample from the hot
zone to the top quench zone as shown in Figure 1. The
morphologies of the quenched samples were observed
using an optical microscope (VHX-S750E, Keyence)
and SEM/EDS (ZEISS-Sigma) to investigate the reac-
tion mechanism of the slag-carbon reactions. The
experimental method used in this study is different from
HIsarna’s operation, where solid carbon is injected into
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Table II. Composition of Synthetic HIsarna Slag (Wt Pct)

CaO SiO, Al,O4 MgO FeO
41.66 33.33 13.00 6.00 6.00

the molten slag using a carrier gas. Injecting CB
nano-particles into the molten slag is not an option
due to a blockage in the injection lance from preliminary
experiments. Hence, a premixed sample of slag and
carbon is used to compare the reaction behaviour of
different carbon sources in the present research.

III. RESULTS AND DISCUSSION
A. Off-Gas Analysis

Smelting reduction of FeO in molten slag by different
carbon is studied by analysing the off-gas composition
(mainly CO and CO,) during the reaction, and the
results from QMS are presented in Figures 2(a) through
(1). In general, both CO and CO, (vol pct) generated
from the reaction of molten slag with all the selected
reductants increase with increasing reaction temperature
according to Figures 2(a) through (i). Reactions
between slag and CC gives the highest CO and CO,
volumes followed by TC and CB, at a similar time under
all selected reaction temperatures, indicating that the
highest FeO reduction rate is achieved with CC, whereas
the lowest with CB. The peak of CO (vol pct) evolved is
found to be significantly higher than CO; in the cases of
CC and TC, Figures 2(a) through (f). However, a
similar height of CO and CO, (vol pct) is generated
during the reduction with CB, Figures 2(g) through (i).

Once the sample reaches the hot zone, the reaction is
initiated through the direct reduction (Eq. [1]), leading
to the formation of CO bubbles between solid carbon
and slag.® " The generated CO could rapidly be used
up through the indirect reaction (Eq. [2]), producing
CO»,. Hence, mainly CO, is detected during the initial
100 seconds of the reduction. The carbon gasification
reaction becomes dominant after 100 seconds, resulting
in a decrease in CO, vol pct and an increase in CO vol/
pct. Additionally, the gasification reaction is highly
influenced by the temperature, and the type of the
carbon.'®!1" According to the previous work,!'® the
gasification rate of CC at the Hlsarna’s operating
temperature is the highest followed by TC and CB.
Therefore, the vol pct of CO generated during the
reaction with CC is significantly higher than CO,
compared to TC and CB. Moreover, it is apparent that
there are sudden spikes occurred in CO curves of CC in
Figure 2(b) and CB in Figures 2(h) and (i). This could
be due to the CO bubbles rupturing during the reaction.

To investigate the reaction mechanism of the smelting
reduction with the various types of carbon, the reduc-
tion degree («), Eq. [4] is determined. Since the reduc-
tion occurs in the inert gas atmosphere, the total mole of
oxygen in the off-gases (CO, CO,) at the time t is



Table III. Proximate and Ultimate Analyses (Dry Basis) of Charcoal and Thermal Coal Provided by Tata Steel Europe, IJmuiden
and the Composition of Carbon Back (Reprinted from Ref. [18], Under the Terms of the Creative Commons CC BY License)

Proximate Analysis (Wt Pct)

Ultimate Analysis (Wt Pct)

Sample Volatile Fixed Carbon Ash H (0) N S C
CC 12.1 81.5 1.8 3.1 6.9 0.57 0.1 89.4
TC 22.2 60.1 8.8 4.3 11.4 2.2 0.2 81.9
Elemental Carbon Ash Content Organic
CB > 97 pct <1 pct <1 pct
Exhaust with the increased temperature for TC (Figure 3(b)),
Cooling g Wixss SpasEOmErE and CB (li)igurle 3(10)).. The r.educ'.tlilon degree vdvithFCB
Water —, ﬁ— seems to be slowly increasing ti 600 seconds, Fig-
ure 3(c), implying that the off-gases continuously
Quench evolved from the sample zone at a slow rate. The reason
zone =1 could be due to the nanoparticle, CB increases the slag
viscosity, which in turn increases the bubble stabil-
ity.2%211 This could lead to slower rupturing of the
bubbles during the reaction compared to CC and TC.
Consequently, the reduction degree of CB continuously
Seaiiin Heating clement increased even at 600 seconds. Furthermore, Eig-
I > - ures 3(a) through (c) reveal that the reaction mechanism
involves more than one stage as inflection points are
observed on the reduction degree curve. The stages of
the reaction and the reaction mechanism are determined
by fitting the reduction curves with kinetic models. The
detailed consideration of kinetic models is explained in
Section III-B.
B-type
thermocouple . .
B. Kinetic Study
+“— Cooling 1. Kinetic models
Argon Water

Fig. 1—Schematic diagram of the experimental set up for FeO
reduction in molten slag.

considered to be from FeO. Hence, the mole of FeO in
the slag at the time t can be calculated from the total
mole of oxygen detected in the off-gas during the time t.
The reduction degrees, resulting from reacting with CC,
TC, and CB at different temperatures are presented in
Figures 3(a) through (c).

. FeO,; — FeO;,
- FCO,‘

where o represents reduction degree; FeO; and FeO,
are the amount of FeO in mole at the initial point and at
the time ¢, respectively.

The reduction fraction evidently increases with raising
reaction temperature for all the carbon types, as shown
in Figures 3(a) through (c). Overall, the highest reduc-
tion degree is achieved by CC compared to TC and CB.
The final reduction degrees with CC at three tempera-
tures, Figure 3(a) are not significantly different while an
apparent increase in the reduction degree is achieved

4]

Reaction kinetic is generally controlled by the reac-
tant concentrations, temperature, pressure and the
reactive surface area of the solid.”? The current study
is conducted under atmospheric pressure, hence the
effect of pressure on the kinetic is neglected. As the
reaction occurs between the evolved gases and the solid
carbon particles, the reactive surface area could not be
defined, resulting in difficulty to study the reaction
kinetics via the rate equations. In the case where the
reaction area is uncertain, the correlation between the
change in surface area of reductant and the reduction
degree (o) or reactant conversion, obtained from Eq. [4]
. . [22] .
is applied."”= Therefore, the reduction degree curves
(Figures 3(a) through (c)) present the overall reduction
profile, also known as kinetic curves.

The thermal reduction rate is considered as a function

of}zg}vo variables, temperature T and reduction degree
o.

do ,
~ — K(Nf) 5]

where k is the temperature-dependent rate constant.

The temperature reduction rate constant is deter-
mined by the Arrhenius equation.?’)

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 2—The evolved gases of CO and CO,; in vol pct during the reduction of FeO with CC (a), (b), (¢); TC (d), (e), (f); CB (g), (h), (i) at

1450 °C, 1475 °C and 1500 °C respectively.

1.0
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0.1 ./ K/
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Fig. 3—Reduction degree achieved at various temperatures from the slag reacting with (a) CC, (b) TC, and (¢) CB.
—E do
k(T) = Aexp| — 6 — o flo 7
(1) = dexp( == 9 o x f(0) 7

where 4 and E are the pre-exponential factor and
activation energy, respectively, and R is universal gas
constant.

Under the isothermal conditions, k(7) in Eq. [3]
becomes constant. Hence, the rate can be described by
the kinetic model, f{a) derived from the correlation of
the surface area to the reduction degree according to

Eq. [7).
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The reaction profiles of the current study can be
classified into three distinct stages such as; Stage-1:
Incubation period, Stage-2: Accelerating period,
Stage-3: Decelerating period, as shown in Figure 4.
The detailed mechanism occurring during the stages is
discovered by the morphological study of the quenched
samples at different time intervals and explained in
Section ITII-C. The combination of stage-1 and 2 results
in sigmoidal shape curve and defined as Region I.



Region 1 Region 11
i i
6 ' ! —— CC 1450°C
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7] ! !
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0.8 E E
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Time (s)

Fig. 4—Stages involved in the smelting reduction reaction, CC 1450 °C: comparison of FeO concentration (pct) in molten slag and reduction

degree («) of FeO as a function of reaction time.

Sigmoidal shape is commonly described by
Avrami-Erofeev model (Random nucleation and
growth), Eq. [8] in thermal reduction reactions.**> "

Moreover, Basu and Ray!*” applied Avrami—Erofeev
model to study the smelting reduction of iron oxide rich
slags under various conditions such as temperature,
basicity. Paramguru er al*® also claims that the
reduction of FeO in CaO-SiO,-FeO slag by solid
carbon could be described by Avrami—Erofeeve model
with an n value of greater than 1. Hence, Avrami—Ero-
feev model is selected to study the Region I of the
current study. The differential form of the model is
presented in Eq. [8].

Sl = n(1 = a)[~In(1 — 2] D/" 8]

g(a) represents the integral form of the kinetic model.

o da t
ngoﬁ@:“”/” o)

g(o) =[—In(1 —a)]"" =kt [10]

where 7 is an Avrami exponent.

Region II in Figure 4 shows a decelerating profile as
the increment of the reduction degree (x) is not
significant compared to Region I. Diffusion models are
known to describe the decelerating behaviour.['>*"
Three-dimensional diffusion model known as Jander

equation, Eq. [11], is considered for Region II, since it
has been applied for the diffusion controlled reduction
in the past study.!**-*"]

go)=[1—(1-a) P =k [11]

2. Model fitting
Avrami exponent, n, could be obtained by taking the
logarithm on both sides of Eq. [10].*

In[— In(1 — &)] = nint + nlnk [12]

According to Eq. [12], the slope of the In-In graph
gives the value of the Avrami exponent. Hence, In-In
plots of experimental data are determined and presented
in Figures 5(a) through (i). It is apparent that the
reaction involves two main mechanisms, as the whole
process is fitted with two significant linear fittings, as
shown in Figures 5(a) through (i). The n values obtained
from the linear fittings of the first mechanism lie between
2 and 3, which are used for solving the Avrami—Erofeev
model, Eq. [10].

Furthermore, to ascertain the rate constant of each
region, Avrami-Erofeev and Diffusion models are
plotted for Region I and II based on the experimental
data. It is found that there is a good linear relationship
in the plots for Region I, as shown in Figures 6(a)
through (i) with the coefficient determination (R?) value
of above 0.97. This confirms that Region I is governed
by nucleation and growth model (Avrami—Erofeev). On
the other hand, the fitting results for TC, Figures 7(a)
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Fig. 5—In-In plots of experimental data (a) CC 1450 °C, (b) CC 1475 °C, (c) CC 1500 °C, (d) TC 1450 °C, (¢) TC 1475 °C, (f) TC 1500 °C, (g)

CB 1450 °C, (h) CB 1475 °C, and (i) CB 1500 °C.

through (c) and CC, Figures 7(d) through (f) in Region
II do not have as good linear relationship as CB,
Figures 7(g) through (i), as R* values are between 0.90
and 0.94. The regions are deivided by choosing the
mid-point of the transition period. Hence, this could be
due to the slower transition period for TC and CC
compared to CB. Being nano-particles, CB particles
could be carried by the gas bubbles faster compared to
the other two types of carbon, reaching to diffusion
stage quicker. The kinetic parameters obtained from
both models are displayed in Table IV, and the values
increase with increasing temperature due to achieving
faster reaction rate at higher temperature.

Activation energy values of Region-1 and Region-I1
could be obtained from plotting the natural logarithm of
the calculated rate constants against inverse tempera-
ture. The calculated values of activation energy for
Region-I and Region-II are displayed in Figures 8(a)
and (b), respectively. It is commonly known that the
higher the activation energy, the slower the reaction rate
is achieved. According to Figure 8(a), CC gives the
highest reduction rate with the lowest activation energy
of 47 kJ/mol, followed by TC with 76 kJ/mol and CB
with 89 kJ/mol in Region-I. This result agrees well with
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the gasification reactivity series of the same reductants,
which are thoroughly studied in our previous work.!'®!
Therefore, gasification reaction plays a vital role in
Region-I. On the other hand, the activation energy
values of Region-11 do not follow the reactivity of the
reductants, since the reaction could be dominated by
mass transfer of FeO from molten slag to the gas/liquid
interface. The activation energy of reduction with CB is
the lowest in Region-1I, 123 kJ/mol, as shown in
Figure 8(b). It could be due to higher FeO concentra-
tion in the molten slag during the Region-II period,
resulting in a faster mass transfer rate compared to the
other two reductants. However, reaction with TC in
Region-II  gives the highest activation energy,
431 kJ/mol, even though the concentration of FeO in
the slag is higher than the reaction with CC. This could
be due to the ash content of TC, 8.8 wt pct, which is
much higher than CC’s ash content, 1.8 wt pct.["® Once
the slag melts, the ash containing high acidic oxides
(alumina and silica) in the reductants could dissolve in
the slag, resulting in viscous slag,?**” which could
potentially affect the mass transfer of FeO. Therefore,
the diffusion rate of FeO in the slag is the slowest with
TC, followed by CC and CB, respectively.
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1500 °C, (g) CB 1450 °C, (h) CB 1475 °C, and (i) CB 1500 °C.

C. Morphological Study

The reaction mechanism is further assisted by study-
ing the morphology of the quenched samples, using an
optical microscope and SEM/EDS methods. During the
initial 100 seconds of the reaction, the slag mixture is
expected to be in a semi-molten state, generating CO,
only and the volume of CO, is at maximum according to
Figures 2(a) through (i). After 100 seconds, the reaction
accelerates in a steady state as CO evolves and reaches
to the peak approximately at 200 seconds. Then, the
reaction decelerates as implied by the decreasing volume
of CO and CO, as shown in Figures 2(a) through (i).
Hence, the quenched samples are obtained at the
intervals of 1.5, 3, and 5 minutes to examine the
mechanisms that occurred during the three stages.

The reaction mechanism is explained with the illus-
trated diagrams as well as the example optical micro-
graphs of the quenched samples (slag-TC) in
Figures 9(a) through (c). Furthermore, the distribution
of the carbon particles and the molten iron droplets
within the molten slag at the intervals of 1.5 minutes,

3 m ins and 5 minutes were confirmed by SEM/EDS
and the results are displayed in Figures 10(a) through
(©).

According to the optical micrographs and SEM/EDS
images of the samples, the reaction process for the
slag-carbon mixture is described in the following steps:

(1) Stage 1: The mixture is rapidly heated and reaching
to the reaction temperature once it reaches the hot
zone. However, the sample is still in a solid/semi-
molten state in this stage. Once the reaction is ini-
tiated, CO bubble evolves at each nucleation site (i.e.
contact area between carbon and slag), resulting
from direct reduction, leading to nucleation and
growth of the bubbles. Those bubbles rapidly reacts
with FeO in slag, producing CO, gas. Hence, a lot of
tiny gas bubbles are spreading throughout the slag
and carbon mixture as Figure 9(a). The carbon
particle lying on the gas bubbles are further con-
firmed by the SEM/EDS image, Figure 10(a).

Stage 2: The sample becomes fully molten in this
stage, and the nucleation and growth of the bubble
continues, while the reduction reaction proceeds via
the gaseous intermediates, CO—-CO,. As the reduc-

2
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(©)

tion progresses, the bubble generation becomes sig-
nificant, resulting in bubble clusters and slag foam-
ing. The bubbles carrying carbon particles and iron
droplets float to the top of the slag surface. Hence,
carbon particles as well as the iron droplets (shiny
particles) are found on the wall of the bubbles Fig-
ures 9(b) and 10(b).

Stage 3: The bubbles developed in stage 2 ultimately
ruptured, and consequently carbon and iron dro-
plets are deposited on the top surface of the molten
slag, as observed in Figure 9(c), and the top view of
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Figure 10(c). According to the vertical cross-sec-
tional image of the sample shown in Figure 10(C),
there is a negilible amount of carbon within the slag
compared to the top surface. As a result, the reac-
tion could only be proceeded via FeO diffusion in
the liquid slag to the surface of the slag where most
of the carbon particles are. This mechanism is fur-
ther proved by determining the FeO concentration,
using EDS analysis at two different locations of the
cross-sectioned sample; locations are marked in
Figure 10(c). According to EDS results, FeO con-



Table IV. Kinetic Parameters Obtained from Avrami—Erofeev and Three-Dimensional Diffusion Models

Avrami_Erofeev Model

(Region I) Three-Dimensional Diffusion Model (Region II)
k k
Reductants Temperature (°C) (s~ x 107 (s~ x 107
CcC 1450 3.1 7.5
1475 33 9.0
1500 34 10.0
TC 1450 2.8 3.0
1475 3.2 5.0
1500 33 7.0
CB 1450 2.6 5.5
1475 2.8 6.5
1500 3.1 7.0
-5.65 -9.0
-5.70 927
9.4
-5.75
-9.6
< .5.80 A
= = 9.8
x <
= =
-5.85 -10.0
-5.90 1 Region -1 -10.2 4 Region -11
m CC m CC
e TC -10.4 4 e TC ®
-5.95 A CB A CB
T T T T '10'6 T T T T
5.65 5.70 5.75 5.80 5.65 5.70 5.75 5.80
1/T (*10%) (KY) 1/T (*10%) (K™Y
(a) (b)

Fig. 8 —Determination of activation energy from Arrhenius plots of (¢) Region I (b) Region II.

centration near the surface of the liquid slag,
Location-1 is 1.2 wt pct and the bottom of the
crucible, Location-2 is 2.1 wt pct, proving that there
is a concentration driving force for FeO diffusion in
the liquid phase to occur.

The reaction mechanism in this study differs from the

. . [5.9.12] . .
previous studies, which claim that the mass trans-
fer of FeO in the slag is the main rate control step. In the
current research, powder form of reductants is used and
distributed in the slag mixture initially, providing an

immediate contact between FeO and the reductants.
Hence, the nucleation and growth of bubbles, resulted
from the gasification reaction could be dominating the
reaction initially. Once carbon particles and metal
droplets are floated to the top of the molten slag due
to the bubbles, the reaction is influenced by the diffusion
of FeO from the molten slag to the surface of the molten
slag. Therefore, it could be concluded that the overall
reaction is governed by two main mechanisms. The
decelerating stage (i.e. three-dimensional diffusion
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Initial stage Melting stage
(Solid) (Semi-molten)

Nucleation & growth of bubbles
at the nucleation sites.

Homogenous mixture of slag and
carbon powder.

Final stage
(Molten)

Molten stage
(Liquid)

Bubbles Rupturing at the slag
surface results in carbon particles
and iron droplets floating on the
slag surface.

Bubbles carrying carbon particles
and iron droplets to slag surface.

mechanism) found in the present research may not occur
in Hlsarna process because slag FeO content in Hlsarna
process has been constantly maintained to a higher level
(approx. 6 pct) in which FeO diffusion process may not
be a limiting step. This also could be due to a good
distribution of solid carbon (nucleation sites) in the
molten slag throughout the process resulting from a
continuous stirring of molten slag and iron by the
carrier gas and evolved gases. Random nucleation and
growth of product gas bubbles which in turn effects the
gasification and reduction reaction rate could be the
main reaction mechanism between solid and molten slag
in the HIsarna process. Despite the current experimental
method is not identical to the HIsarna process, it reveals
the reduction ability of the various carbonaceous
materials.

IV. CONCLUSION

The reduction behaviours of three different reduc-
tants, CC, TC, and CB with synthetic HIsarna slag are
studied in isothermal kinetic analysis, and the following
conclusions could be drawn:
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Iron droplet

P ——— e

Fig. 9—TIllustration of the reaction mechanism between molten slag and carbon with the micrographs of exemplary quenched samples (slag-TC
system) at the intervals of (a) 1.5 min, (b) 3 min and (¢) 5 min.

(1) Under the experimental conditions, the smelting
reduction rate of FeO in a molten synthetic HIsarna
slag is dependent on the type of carbon and tem-
perature. The obtained reduction rate is in the
descending order of CC > TC > CB. Moreover,
increased reduction rate and reduction degree are
achieved with the increasing reaction temperature
for all the selected reductants.

(2) The overall reduction kinetic could be governed by
two main steps. Initially, it is controlled by random
nucleation and growth of product gas (CO, CO,)
bubbles (Region-I), followed by the diffusion of FeO
from bulk molten slag to the gas/slag interface
(Region II).

(3) The reaction mechanism is further confirmed by
morphological observation of exemplary quenched
samples at the intervals of 1.5, 3 and 5 minutes. The
slag is in semi-molten state during the first
1.5 minutes, and tiny gas bubbles growing from
each nucleating sites (contact area between carbon
and slag) could be seen throughout the slag. These
bubbles continuously grow, carrying carbon parti-
cles and iron droplets, while the reaction progresses.
Hence large bubbles, in which carbon particles and
iron droplets are found in the quenched samples
taken at 3 minutes. Most of the carbon particles and
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Fig. 10—SEM images and EDS maps of element distribution of the quenched samples (Slag-TC) at the intervals of («) 1.5 min, (b) 3 min and (c)
5 min.
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