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ABSTRACT

Magnetic skarn ore (MSO) is one of the major copper bearing ore extracted by the Ok Tedi Copper
Mine in Papua New Guinea (PNG). Copper minerals are recovered by flotation while the iron not
associated with copper are discarded as tailings. The objective of this investigation was to
determine the iron ore reduction kinetics for the Ok Tedi MSO and ascertain if it can be processed
to produce sponge iron for a mini steel plant in Papua New Guinea. SEM-EDAX analyses of the Ok
Tedi MSO indicated 10.1% C, 30% O, 0.6% Mg, 1.1% Si, 21.1% S, 0.8% Ca and 36.2 % Fe. Most
of the iron is in sulfide form. Both naturally occurring and roasted sinters of Ok Tedi MSO samples
of different particle sizes were reduced by charcoal carbon at three different temperatures and
seven different reduction times. Analyses of the reduced products indicated a metallic iron content
of more than 65 wt. % on average. Results showed that there was no significant difference in
reduction between fluxed and control materials. Only a slight increase in kinetics with reduced
particle size, hence the reaction rate constant (K) did not vary much within the temperatures
investigated. Reaction kinetics increases with increasing reduction time at 900°C. Therefore, more
iron reduction is observed with particles of 106 um size. In addition, the results also confirmed that
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the reduction energy used was higher at 800°C and lower at 1000°C. In conclusion, iron reduction
can be improved but close monitoring of temperature and reduction times are essential to
determine the reaction kinetics of the Ok Tedi MSO.

Keywords: Skarn ore; sponge iron; tailings; flotation; roasted sinter; hematite; magnetite; wustite;

reaction kinetics.
1. INTRODUCTION

Most mines in Papua New Guinea (PNG) mine
large quantities of iron in the form of sulfides,
carbonates, oxides and sulfates that are
eventually disposed off as tailings. The Ok Tedi
MSO contains a significant amount of hematite,
magnetite, siderite, ilmenite and pyrite that can
be a source of iron. The mineralogical
compositions of Ok Tedi MSO reveals more iron
minerals than copper, yet all iron containing
minerals are collected in the tails from the main
copper production stream. Therefore, this study
is conducted to investigate the possibility of
producing direct reduced iron (DRI), or sponge
iron, from the MSO. Such sponge iron may serve
as the feedstock for electric arc/induction furnace
based mini steel plants in PNG.

Iron ore reduction kinetics (IORK) has been
widely investigated in the past years. However,
studies were never done on the iron ores
available in PNG. A comprehensive study was
carried out by this investigation to establish the
various parameters that influence the IORK of Ok
Tedi MSO.Such parameters include; the
chemistry of the iron oxide [hematite
(Fe2O3)/magnetite (Fe30,)], particle size, porosity
of pellets, temperature, and reduction time etc
[1]. Similarly, in carbothermic reduction, the
physical and chemical qualities of carbon are
important influencing factors. It is therefore very
essential to characterize the reducibility of locally
available iron ore with locally available coconut
charcoal for the production of sponge iron
[2,3,4,5,6,7]. Good quality lime/limestone for
fluxing is essential together with good porosity of
the Ok Tedi MSO so locally available sugar cane
juice was used as the binder to form pellets of
samples for the tests.

Chemistry of the Ok Tedi MSO was
characterized by microscopic analyses of
polished sections for its mineral assemblage in
the starting material. Mineral compositions for
both starting material and finished products were
determined by X-Ray Diffraction (XRD)
techniques. Elemental compositions were

determined by Scanning Electron Microscopy
(SEM) — Electron Dispersive X-Ray Analyzer
(EDAX) techniques. Thus, distribution of minerals
and elements in the starting material and finished
products of both samples not only revealed the
chemistry and reducibility kinetics of the various
materials, but also the effects of certain
parameters on the reduction rates of the iron
oxides.

2. LITERATURE REVIEW

Iron is one of the most abundant elements which
constitute about 4.6% mass of the earth’s crust.
In nature, iron does not occur in its elemental
state but rather as compounds. The major
sources of iron are magnetite (Fe;O,) which
contains 72.4 wt.% iron followed by hematite
(Fe2O3) which contains 70 wt % iron in
stoichiometric proportions [2,3]. Magnetite is
generally more difficult to reduce than hematite
due to its poor porosity, however magnetite is
typically favored due to its higher iron content.
That is magnetite exhibits polarity on its surface
as it is a ferromagnetic substance with tightly
packed atoms of iron and oxygen, thereby
requires a lot more heat to remove the high
oxygen content during reduction than hematite.
Since the targeted end product is metallic iron, a
high iron content material is an advantage; and a
grade of iron suitable to produce sponge
iron would be > 65 wt. % in the starting material

[4].

The reduction of iron oxides in a direct reducing
system occurs by both solid and gaseous
reductants such as solid carbon from charcoal
and CO gas [3]. Hence the metallic iron
produced from the direct reducing system is
termed ‘direct reduced iron’ (DRI). The reactions
in a direct reducing system occur spontaneously
in stages to form the DRI; that is the hematite is
reduced by carbon to form magnetite, which is
then reduced to wustite (FeO) and finally wustite
is reduced to metallic iron (Fe) [3]. These
reactions are represented by the chemical
equations below:
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AH = 118.82kJ/mol
AH = 209.26 kJ/mol
AH = 156.50 kJ/mol

3F6203 +C —> 2Fe304 + CO
FesO,+ C — > 3FeO + CO
FEO+C — > Fe+CO

The CO gas produced in the above reactions participates in further reducing the iron oxides. A
substantial amount of heat is required to complete the reduction process, since the various stages of
reactions are homogeneously endothermic [3].

Stages of Iron Oxides Reduction by CO gas;

AH = - 53.80 kdJ/mol
AH = 36.68 kd/mol

AH = -18.68 kJ/mol
AH = 172.58 kd/mol

3F6203 + CO _— > 2F6304 + C02
Fes;0, + CO —> 3FeO + CO;,
FeO + CO —— > Fe + CO,
C+CO, —> 2CO

That means as long as the solid carbon is present in the reaction mixture, carbon gasification
reactions and reduction of iron are occurring simultaneously [8].

The reduction of iron oxide to metallic iron proceeds through various kinetic steps which controls the
overall reaction rate. Different rate controlling factors which control the overall rate of reduction are
discussed in Table 1 by a summary of mathematical expressions for the different steps (Baliasingh &
Mishra, 2008).

Table 1. Mathematical Expressions of Rate equations representing different ratecontrolling
steps

Equation

Rate controling step

Dependent variable

1- (1-H" =kt

-In (1-f) = kt

[1—-(1-H)"F= kt

1-2/3f—(1-)?° =kt

K [1-2/3f — (1-)*°] +D/r[1-(1-))"°] = kt

Mixed Controlled

Chemically Controlled Temperature
Chemically Controlled Temperature
Diffusion Controlled Agitation
Diffusion Controlled Agitation

Temp. & Agitation

Since the direct reduced system deals with solid
to solid carbothermal reduction reactions, the
reaction kinetics is slow due to its ‘boundary
layer diffusion’ mechanism. Thus, it is chemically
controlled and depends upon temperature and
gaseous partial pressures. Hence, the
mechanism of phase boundary reaction control
involves the chemical reaction at the wustite-iron
interface. In this rate controlling factor, the rate of
reduction per unit area of the remaining iron
oxide is found to be constant with time [7].

During oxidation roasting, the iron sulfides
decompose at temperatures 600-1000°C to form

2FeS, + 12—102 ————> Fe,0; + 4S50,

SFGSQ + 802 _— F6304 + 6802

sulfur dioxide and iron oxides. This process is
called ‘pyrite  dead roasting’ [5]. The
variation between these ranges of temperatures
depends on the process and mineralogical
composition. The iron oxides produced can be
reduced by solid carbon and CO. However,
sulfur is not completely removed during
roasting and is still contained in the roasted
product [9].

The following chemical equations represent the
pyrite dead roasting reactions where the pre-

dominants of the reactions depend on partial
pressure of oxygen and temperature.

AH = - 1666 kJ/mol

AH = -2381 kJ/mol

Since these roasting reactions are strictly exothermic reactions, a considerable amount of heat is

generated within the system [9].



Kama et al.; AJOPACS, 8(4): 1-13, 2020; Article no.AJOPACS.60593

Pellets of the iron oxides samples were preferred
for faster reducibility due to high porosity, good
bed permeability (spherical) with low angle of
repose giving minimal segregation, uniform
chemical composition and high strength to
withstand higher temperature with easy handling
and transportation. Binders can be organic
substances, such as Dextrin, Starch, glucose
and Alginate, or inorganic, such as Bentonite,
Cement, Lime, Calcium hydroxide [4]. Charcoals
from burnt coconut shells are a preferred source
of high purity carbon compared to wood
charcoals for iron reduction process [8].

IORK deals with the rate at which iron oxide is
converted to metallic iron by removal of oxygen.
Hence, the rate of iron ore reduction influences
the production rate, which ultimately determines
the economic feasibility and the process
technology involved. Therefore, close
observation of the reactions between the gases
and the solids together with the rates of
reductions are of great importance. Factors
affecting the rates of reduction such as the
temperature, reduction time, particle size, pellet
size, use of a fluxing agent, chemical nature of
oxide, reactivity of reducing agent and the iron
oxide/carbon ratio have been noted. More
importantly are the different rate controlling
factors such as the boundary layer control, phase
boundary reaction control, gaseous diffusion
control and the mixed control [6,7,8, Terkel, nd;
Misra, nd; 10]. It is worth noting that the reaction
rate is exponentially dependent on temperature
therefore a slight change in temperature can
significantly impact the rate constant and this is
developed in the discussion section below.

3. EXPERIMENTAL PROCEDURE

Two Ok Tedi MSO samples of different grades
are compared, naturally occurring and roasted.
The reducing agent used was coconut charcoal
with particle size of 150 um and composition of
98% carbon. The fluxing agent used to simulate
real operation was lime of 95% CaO. It has the
ability to increase the basicity and decrease the
slag viscosity and hence remove the impurities
[11].

About 9 kg of naturally occurring Ok Tedi MSO
samples were ground and screened to produce
three sets of particle size samples: 250 um, 106
pm and 53 pum.

3.1 Naturally Occurring Ok Tedi MSO

Several 30 g samples were then produced
containing 30 wt. percentage charcoal. Ratio of

charcoal to iron contained in the sample was
about 1:1, which was sufficient to increase the
metallization of iron during the reduction process
[11].

The impact of fluxing agents typically used for
the downstream smelting process was also
investigated. In all, 126 samples were prepared
for both oxidized and naturally occurring MSO,
characterized and reduced for all sizes and
temperatures used in this investigation. Table 4
has the data for the samples and parameters
used in the reduction test work.

All samples were made into pellets using 5 wt.
percentage sugarcane juices as the binder since
the green ball formation was sufficient to
withstand the drying temperature at that
composition. Then the pellets were weighed into
50 mL porcelain crucibles. All fluxed and control
samples were compared by reduction
isothermally at temperatures 800°C, 900°C and
1000°C for periods of 10, 20, 30, 40, 50, 60 and
90 minutes. Losses of mass were recorded and
plotted to observe the kinetics of reactions by
weight measurements. Analyses were carried out
by XRD and SEM-EDAX.

3.2 Oxidation roasted Ok Tedi MSO

About 2.2 kg of Ok Tedi MSO samples of each
sized fractions were weighed into 4 x 400 mLclay
“G” pots. Each pot contains 550 g of samples so
the transfer of heat through the particles is
uniform and all sample particles are subjected to
oxidation. In all, a total of 12samples — 4 pots per
size were oxidation roasted at 1000°C in a fusion
furnace for 1 hour to increase the grade of iron.
The fusion furnace operates on a maximum
temperature at 1060°C and  minimum
temperature at 300°C. Its application is for fusion
and roasting of ores, however, its temperature
control has low tolerance.

The roasted sinters were cooled overnight and
losses of masses were recorded. After roasting
and cooling, the sinters of same particle size
were combined and total masses were recorded
together with the loss of masses in Table 2.
Sample preparation and formation of pellets for
both control and fluxed samples were the same
as for naturally occurring Ok Tedi MSO samples.
That is, the recipe and compositions were same
for both ore to compare the grades of iron
oxides. Also the steps in comparing both fluxed
and control samples by isothermal reduction are
identical.  Finally, the same instrumental
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techniques were used to determine the mineral
and element compositions of the oxidation
roasted and isothermal reduced products.

4. RESULTS AND DISCUSSION

Microscopic analysis of the polished sections of
naturally occurring Ok Tedi MSO showed that
most of the iron is locked in the form of sulfides
as pyrites, chalcopyrite and bornite. Some iron is
locked with carbonate which is in the form of
siderite. Others are locked in magnetite and
minor composition in biotite. Magnetite has the
highest composition, followed by siderite and iron
sulfides. Gangue minerals are mostly Al,O; and
SiO,, which are constituents of the rock forming
mineral of biotite. The XRD analyses shown in
Fig. 2, confirms the mineral phases depicted by
the micrograph in Fig. 1. The data from the SEM-

EDAX analyses shown in Table 5 support the
XRD results.

The XRD analyses of the oxidizing roasted MSO
for the finer size (easy to visualize) is shown in
Fig. 3 and the EDAX results for all sizes are
shown in Table 6. It seems from the results that
most of the iron, originally in the form of sulfides
and carbonates were being converted to iron
oxides during roasting. As a consequence, the
iron content was upgraded by about72 wt. % for
all particle sized samples used. The sulfur
content was not completely eliminated although
drastically reduced, the oxygen content was
slightly reduced due to oxidation of sulfur, and
the carbon content was completely eliminated.
However, there were still traces of impurities in
the roasted sinters. These results were
confirmed by the EDAX analyses in Table 5.

Table 2. Oxidation roasting samples size, masses before and after roasting and the loss of

mass
Samples & size Sample Mass (g) Mass of Roasted sinters (g) Loss of mass (g)
250 um 2200 1786.9 413.1
106 pm 2200 1812.3 387.7
53 um 2200 1804.7 395.3
Table 3. Samples and materials used in the test work
Naturally Oxidized MSO Reducing agent Flux Pellet binder
occurring — coconut - - sugar cane
MSO charcoal carbon CaO juice
Mass (g) 30 30 10 1.5 1.5
Particle size (um) 250, 106 & 53 250, 106 & 53 106 106 -
Wt. % 100 100 30 5 5
Purity - % - - 98 95 -

chalcocite (Cu,S),

covelline (CuS),

bornite (CusFeSy),

magnetite (Fe3;0a),

pyrite (Fe$,),

biotite ([K (Mg, Fe) 5 (AlSi3) Oy (OH, F) 2])
chalcopyrite(CuFeS,),

siderite (FeCOs3),

Fig. 1. Micrograph showing the mineral phases of Ok Tedi MSO
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Table 4. A summary of samples and parametersused for reduction test work

Samples Number of Number of Reduction Reduction
Control samples fluxed samples  Temperatures Times in
(°C) minutes
Naturally 7 per size per 7 per size per 800,900 & 1000 10, 20, 30, 40,
occurring MSO  temperature =63  temperature = 63 50, 60 & 90
Oxidized MSO 7 per size per 7 per size per 800,900 & 1000 10, 20, 30, 40,
temperature = 63  temperature = 63 50, 60 & 90
Total 126 126 3 7
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Fig. 2. The XRD analysis of Ok Tedi MSO
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Fig. 3. XRD analyses of oxidation roasted Ok Tedi MSO sample of particles size 53 um at

10002C for 1 hour
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Table 5. SEM-EDAX analyses of Ok Tedi MSO

Element C 0) Mg Si

S Ca Fe Cu

% mass  10.1 29.95 0.59

1.06

21.12 0.8 36.22 <0.1

Table 6. SEM-EDAX results for roasted Ok Tedi MSO at 1000°C for 1 hour

Element (% mass)

Particle size (um) Fe o) S Si Ca Mg Cu Mn Al K P
53 605 244 24 5 29 2 09 05 0.6 02 0
106 626 232 4.1 4 27 14 1 0.5 0.5 0.1 0
250 61.2 22 45 37 22 14 08 04 0.4 0.1 0.1

HE (ops]

400

200

M.
hematite HI. imon

30 40 50 80

26 (dog) -

Fig. 4. XRD results for fluxed sample of particle size 53 um reduced at 900°C for 60 minutes.
(naturally occurring MSO)

XRD results in Fig. 4 for fluxed samples show an
abundance of metallic iron, magnetite and
hematite HP, and iron (Ill) oxide. Slight re-
oxidation may be possible with abundance of
hematite and reduction of iron oxides was
retarded in showing transition of hematite to iron
(1) oxide. Hence, skipping formation of wustite
to form metallic iron could mean the gases ratios
were not at equilibrium although the carbon was
completely used up in the process.Fig. 5 shows
transition of iron compounds with some graphite
peaks for the control sample. These results
indicate complete reactions with clear formation
of the iron oxides peaks for fluxed samples than
the control samples. However, the XRD results in
Fig. 5 agree with the EDAX results in Table 7.

Table 7 shows data of the EDAX analyses for 53
pum particles (a-to d) reduced for 30 minutes and

60 minutes for both the control and the
fluxed samples of naturally occurring Ok Tedi
MSO. Also included in (e) is the EDAX result for
particle size 106 um of the control sample
reduced for 90 minutes. The result showed that
the carbon was depleted under the reducing
conditions of (e), subsequently upgrading the
iron content by 50%. Thus, an increase in
particle size and reduction time correspondingly
increases the reduction of the iron oxides.
Incomplete reduction is evident for particles of
size 53 um in both 30 and 60 minutes at 900°C,
possibly due to the particles being too fine to
react with carbon. Fluxing did notinfluence
the reduction of iron oxides much as there
was still unreacted carbon in the reduced
products.
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400

B (eps)

300

100

— hartanokte hgh

Benenite HP, syn. iror

28 (deg) -

Fig. 5. XRD results for control sample of particle size 53 um reduced at 900°C for 60 minutes.
(naturally occurring MSO)

Table 7. SEM-EDAX results for naturally occurring Ok Tedi MSO reduced at 900°C

Element (% mass)

Sample # C Fe o Ca S Si Mg K Al Cu Mn P Na

type/ time
(min)
Control/l30 a 433 289 197 14 23 2 08 04 03 05 02 01 O
Fluxed/30 b 398 299 196 39 26 19 06 05 03 05 02 01 O
Control/l60 ¢ 357 354 206 16 22 21 08 04 04 06 03 01 O
Fluxed/60 d 353 343 198 38 24 2 07 05 03 06 02 01 O
Control/90 e - 54 352 44 4 24 - - - - - - -

;*; GO0

v & 20 30 40 50 80

Hematite, sy
Magnetite o e
{deg)

Fig. 6. XRD results for fluxed sample of particle sizes 53 um reduced at 900°C for 60 minutes
(oxidized MSO)
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Fig. 7. XRD results for control sample of particle sizes 53 pum reduced at 900 °C for 60 minutes
(oxidized MSO)
Table 8. SEM-EDAX results for reduced roasted Ok Tedi MSO at 900°C

Element (% mass)

Sample # C Fe o Ca S Si Mg K Al Cu Mnh P
type/ time

(min)

Control/l30 f 412 31 199 1.6 16 23 08 04 03 06 02 0.1
Fluxed/30 g 38.6 30.1 209 37 2 22 07 06 03 06 02 0.2
Control/60 h 416 304 201 15 17 22 08 05 03 05 02 01
Fluxed/60 i 36.5 322 208 3.8 19 21 07 05 03 06 02 0.1
Fluxed/90 j O 56.2 324 4.2 46 27 0 0 0 0 0 0
Control/90 k 20.1 39.8 30.2 45 31 22 0 0 0 0 0 0

Figs. 6,7 showed XRD results of high wustite and
metallic iron with less magnetite. Since the
oxidized Ok Tedi MSO samples have high iron
and less impurities, all haematites were reduced
to magnetite and subsequently, to wustite and
metallic iron. These conversions were evident in
the XRD analyses. If the reduction time
increases, then magnetite will likely get reduced
to metallic iron.

Table 8 shows data for the EDAX analyses of
reduced oxidized Ok Tedi MSO samples. The
element compositions of particle size 53 um
reduced at 900°C for 30 and 60 minutes are

InK = [-Ea/R] [1/T] + In Ai.e. Ea = (In K—in A) x RT

K = Rate Constant (constant at a particular temperature)

Reduction Reactions occur in stages as follows:

3F6203 +CO = 2Fego4 + COZ (1 -23.)

labeled (f - i) and for 106 um particles reduced at
900°C for90 minutes are labelled (j - k).Increased
reduction time for fluxed 106 pum particles in (j)
showed more reduction of iron. These results
depict carbon dissolution of iron by unreacted
carbon; therefore to increase reduction of iron
the reducing times must be increased.

The reduction energy required for the reactions
for each stage of carbothermic reduction of iron
oxides were calculated for all reactions, using the
Arrhenius equations as follows:

(1)
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FesO, + CO = 3FeO + CO, (2-2b)
FeO + CO = Fe + CO, (3-2¢)

Reaction 2a proceeds before reactions 2b and
2c, therefore less reduction energy is required
than the later reactions. Much higher reduction
energy is required to dismantle the unreactive
wustite core as sufficient reacting gas (CO)
should pass through the same passage as the
exiting gas (CO,) to reach the core for further
reactions to occur. In order to maintain this
balance of chemical reactions, the gasification
reactions of supplying the CO must meet this
requirement and this will only be achieved at
sufficient reducing temperature and time. Hence,
higher reduction energy is required as the
reduction of iron oxides penetrates through to the
core of the MSO particles. Arrhenius plot shows
Ok Tedi MSO pellets (-425 + 53 pum) reduced by
coconut charcoal carbonfor reaction 2b.

The mechanism of phase boundary reaction
control for the MSO involves the chemical
reaction at the wustite-iron interface and it is
temperature dependent. In this rate controlling
factor, the rate of reduction per unit area of the
remaining iron oxide is found to be constant with
time.

When counter diffusion of reducing gas and
product gas on the reduced outer layer is
sufficiently fast, the concentration of reducing
gas at the reacting surface is effectively the
same as its concentration at the particle surface.
In such case, the rate of reaction at the wustite-
iron interface would control the overall reduction
rate [12]. For this reason, the kinetic model most
applicable for determining the reaction kinetics
for the MSO, according to Baliasingh & Mishra,
2008 is:

—In (1-f) = Kt (3)
Where,

t is the reduction time,
f is the fraction converted,

K is the rate constant.

The plots of —In (1-f) verses reduction time gives
a straight line. Hence, the reduction rate of the
iron oxides in the Ok Tedi MSO is determined by
the reaction rate constant (K), which is the slope
of equation 3: Fig. 8 shows the kinetic Plots for
reduced naturally occurring Ok Tedi MSO for
particle sizes 106 um. Gradients of the lines for
both fluxed and control samples at temperatures
800°C and 100 °Cwere reducing with increase in
reducing time whilst it was steady for 900°C as
time increases. Fluxing has no effect at this
temperature.

Table 9 shows data for the reaction rate
constants for all particle sizes of reduced
naturally occurring Ok Tedi MSO samples. The K
values are higher for the control samples for all
sizes at 900°C and 1000°C than the fluxed
samples. Comparing the control and fluxed
samples of the median sized particles, there is
consistency in their K values. However, they are
inconsistencies when comparing the finer and
coarser particle sizes. Note that K values depict
the reduction rates of the iron oxides.

Fig. 9 shows the kinetic plots for the reduced
oxidized Ok Tedi MSO for particles 106 um. The
gradients of the lines for the oxidized MSO depict
the same as those in Fig. 9, however fluxed
sample of the median size seem to perform
higher than the control sample. Nevertheless, the
K values in Table 10 indicated otherwise that
rates of reduction for both are equal.

Table 10 shows K values for the reduced
oxidized Ok Tedi MSO for all sizes. The results
indicated that fluxing has no effect at higher
temperature and has some effect at lower
temperature. However, rates of reduction are not
steady for both temperatures. Nevertheless,
fluxing affect reduction rates for larger and
smaller particles as revealed by the K values for
both samples. The reaction rates for the median
particle sizes for both samples were not affected
by fluxing.

Table 9. K values for reduced naturally occurring Ok Tedi MSO samples

Temperature Particle size 53 pm Particle size 106 pm Particle size 250 um
(°C) K K K

Control Fluxed Control Fluxed Control Fluxed
800 1x10° 8x 10" 8x 10" 1.4x10° 12x10° 1.1x10°
900 26x10% 18x10% 21x10° 21x10° 1.7x10°® 2x10°
1000 25x10°  13x10° 23x10° 1.3x10° 13x10° 12x10°
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Kinetic plots for reduced naturally occurring Ok Tedi MSO for 106pum
particles
0.700
0.600 A
0.500
£ 0.400
=
= 0300 -
0.200
¢ Control at 800°C B Control at 900°C A Control at 1000°C
0.100
XFluxed at 800°C X Fluxed at 900°C ® Fluxed at 1000°C
0.000 T T T T T T T T T )
0 10 20 30 40 50 60 70 80 90 100
Time (mins)

Fig. 8. In (1-f) verses reduction time for reduced naturally occurring Ok Tedi MSO samples

Kinetic plots for Reduced Roasted Ok Tedi MSO for

106pm particles
0.400
0.350 & ®
0.300 A —

0250 [ ] X //

= A %
—
Z 0.200 o
' 0150 i 'Y H
0.100 4 -

@ Control at 800°C B Control at 900°C A Control at 1000°C

0.050 XFluxed at 800°C XFluxed at 900°C ®Fluxed at 1000°C B

0.000

0 10 20 30 40 50 60 70 80 90 100
Time (mins)

Fig. 9. In (1-f) verses reduction time for reduced roasted Ok Tedi MSO samples

Table 10. K values for reduced roasted Ok Tedi MSO samples

Temperature Particle size 53 um Particle size 106 pm Particle size 250 um
(°C) K K K

Control Fluxed Control Fluxed Control Fluxed
800 8x 10 5x 10 6x 10 6x10° 2x10™ 6x 10
900 27x10° 35x10° 1.6x10° 1.6x10° 1.3x10° 15x10°
1000 1.1x10°  9x10* 1.1x10° 7x10* 9x10* 1.3x10°
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5. SUMMARY AND CONCLUSION

The Kkinetic data show that reaction rate is
exponentially dependent on temperature to
certain duration of reduction as in the case of
1000°C. Thereby, the increase of 900°C to
1000°C did not increase K dramatically
according to the kinetic model plots and the
Arrhenius plots. However, the increase in
temperature from 800°C to 900°C does increase
the reaction rate constants slightly and so in
concluding, the overall rate of reduction appears
to be controlled by C/CO, reaction or carbon
gasification reaction. Therefore, the IORK of Ok
Tedi MSO is limited to further investigations
within reducing temperature of 900°C.

Oxidizing roasting of Ok Tedi MSO certainly
upgraded the iron oxide grade to above 60% Fe
by mass in composition however the reduction of
the iron was slow such that the reduction rates of
both samples of Ok Tedi MSO proceeded at the
same rates for all temperatures. Grades of iron
oxides of Ok Tedi MSO do not have much
influence on the reduction rates within the
conditions used in this study.

Slight differences in reduction rates were noted
with the smaller size particles (-106+53 um and -
250+106 pm). Fluxing with calcium oxide does
influence the reduction of Ok Tedi MSO particles
of size = +250 um.

Reducing temperature of 1000°C proved to be
unstable in the fusion furnace at the reducing
time of 60 minutes, thus reduction of wustite was
almost impossible because there weren’t enough
CO in the furnace to speed the reduction due to
unstable CO, and re-oxidation resulted. That
means CO, was unable to diffuse through the
porous layer of iron and outward from the
exterior surface of the particle to the bulk gas
boundary, instead reacts with the iron.

To conclude, 900°C is the reducing temperature
for Ok Tedi MSO and the reducing time can
exceed the maximum reducing time of 90
minutes used in this study. Since all mechanisms
of the rate controlling steps require adequate
time to complete all processes for high
production of metallic iron, prolong time is
required to carefully study the IORK of the iron
oxides in the Ok Tedi MSO.
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