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Abstract In this study, we have attempted to explain the
complex reactions that occur during the dehydration of
Ca(OH),, in the presence of solid carbon and Fe,03, in order
to clarify their role as eventual precursors to the reduction
and high temperature strength characteristics in feedstock
agglomerates of iron and steelmaking by-products. A series
of simultaneous thermo-gravimetric (TG), differential
thermal analytic (DTA), and mass spectrometric (MS) tests
were performed on agglomerated sample mixes of Ca(OH),,
C, and Fe, 05 to test the influence of heating rate and particle
size on the transformations occurring below 1,073 K in inert
atmosphere. The overall transformation begins with calcium
hydroxide dehydration. Nucleation and growth of CaO
grains during dehydration, as well as subsequent gasification
of solid carbon, are highly dependent on the governing
interstitial particle porosity and mildly dependent on the
heating rate in and around agglomerates. The reduction of
hematite in current agglomerates is, by association to pre-
ceding reactions, partly dependent on porosity and heating
rate, but the mechanism of reduction was also found to be
highly dependent on the particle size of iron oxides. Fur-
thermore, in areas of intimate contact between CaO and iron
oxide, a calcium ferrite phase appears in the form of angular
and calcium-rich particles.
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Introduction

Worldwide, iron and steelmaking facilities generate
between 30 and 40 million tons of by-product dusts that are
feasible for recycling [1]. The recycling and utilization of
by-product agglomerates containing these dusts have
shown to result in several industrial benefits, mostly in the
decrease of natural resource dependence, reduction of
landfill, and indirectly as energy savings [2]. These by-
product dusts contain considerable amounts of iron oxides,
hydrated lime, and carbon [3, 4], a chemistry that is suit-
able for preparation of self-reducing/self-fluxing agglom-
erates. The inherent chemistry and proximity of reactants
in self-reducing by-product agglomerates also gives a
technical advantage as the rate of reaction is high resulting
in a process with high productivity [5]. Therefore, a good
understanding of the self-reduction characteristics is
essential for further development of cold-bonded agglom-
erates containing by-products for use as recycle in the
steelmaking industry. In recent decades, many researchers
have studied the reduction behavior of composites con-
taining various assemblages of iron oxide and carbon.
Mantovani and Takano have reported that the reduction of
self-reducing pellets containing a mixture of EAF dust and
coal can be described by the following reactions: (1) direct
reduction (solid/solid) between iron oxides and carbon; and
(2) gas/solid reactions. As the speed of solid/solid reaction
is much slower than the gas/solid reaction, the global
process occurs via gaseous intermediates such as COyy,
COxy(g), Ha(e), and HyO, [6]. Likewise, Kashiwaya et al.
showed that the basic reaction mechanism of a composite
pellet containing hematite and graphite starts at ~923 K as
a reaction caused by the direct contact between iron oxide
and carbon and then, after subsequent separation of the iron
oxide/carbon interface, the reaction continues as a coupling
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phenomenon between reduction and carbon gasification
[7]. Reduction can start at even lower temperatures in the
event of gas generation in the solid due to decomposition
and/or volatilization. Mookherjee et al. observed that the
volatile matter in non-coking coal contributed to the
reduction of iron ore at temperatures over 773 K [8].
Furthermore, Lu et al. showed that volatile matter in coal
contributed to the reduction of iron oxide and was effec-
tively consumed in the process and direct contact of iron
ore fines and coal fines increased the reduction rate in the
prereduction stage of their experimental furnace [9, 10].

Various studies have been found in the literature con-
cerning gasification of carbonaceous material in the pres-
ence of different metal-based sorbents/catalysts, mostly at
elevated pressure ~20 MPa [11-13]. Results from Sato
et al. have shown that water contained in Ca(OH), mole-
cules is sufficient to produce Hy,y from reaction with
carbon content in samples of a vacuum reside of Arabian
light crude oil at temperatures above 873 K and pressures
4-5 MPa [14].

Some critical reactions that are relevant for conditions
occurring in cold-bonded pellet samples during heat treat-
ment in inert gas have been found in the literature. These
reactions are defined as metal oxide dehydration, the
steam—carbon reaction and/or water—gas shift reaction, the
Boudouard reaction and subsequent reduction of iron oxide
through its reaction with gaseous reductants generated
from former reactions [15]. Earlier results from the current
authors [16], have shown evidence of carbon gasification
(small amounts of CHyy) and Hy(, generation) during the
decomposition of Ca(OH),, in the presence of graphite,
between 573 and 1,073 K in inert atmosphere.

Therefore, the objective of the present work is to study the
mechanisms of reaction in the Ca(OH),—C—Fe,Oj3 system at
temperatures below 1,073 K and at ambient pressure. The
reactions of most importance to this study are listed below:

Ca(OH),= CaO + H,0 (1)
C/CO + H,0 = CO/CO; + H, (2)
CO, +C=2CO (3)
(4)
(5)

FeXOy + C/CO/H2 = FeXOy,l + CO/COQ/HzO 4
2Ca0 + Fe, O3 = CayFe, 05 5
Experimental

Materials

The raw materials used in this study are all laboratory
grade reagents. Calcium hydroxide, 99.8% pure powder,
was supplied from Riedel-deHaen; standard Hematite,
99.8%(metals basis) pure and —325 mesh powder, was
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supplied from Alfa Aesar; Graphite, 99% pure and —300
mesh, was supplied from Alfa Aesar. Micro briquettes were
prepared from the reagent powder mixtures in a hand press,
1.5 N/mm?, resulting in cylinders having average dimen-
sions of 3mm ¢ x 3mm H and sample mass of
15.7 £ 2.3 mg. The particle size distributions of the stan-
dard-sized reagents are given in Fig. 1. The reagent mix-
ture composition used during experimental work, shown in
Table 1, is based on relative compositions between the
three reagents in industrial cold-bonded agglomerates from
an earlier study [4].

In order to study the influence of particle size on the
transformations occurring in the Ca(OH),—C-Fe,O3 sys-
tem, a finer Fe,O5 particle size was used for sample 2 as
shown in Table 1. The nano-sized Hematite, 99.999% pure
powder with an average size of 30 nm, was also supplied
from Aldrich. Again, micro briquettes were prepared using
the same method mentioned earlier resulting in an average
sample mass of 18 £ 1 mg.

Methods

A Setaram Setsys Evolution instrument equipped with
simultaneous thermo-gravimetric (TG), differential thermal
(DTA), and quadrupole mass spectrometric (QMS) analysis
was used in thermal analysis studies. The sensitivity of the
TG balance is 0.3 pg.

In order to investigate the influence of heating rate, TG/
DTA/QMS tests were conducted on both samples shown in
Table 1 using heating from 293 to 1,073 K at either 2, 10,
or 32 K/min in helium with a constant flow rate of 60
ml/min. Cylindrical a-Al,O5 crucibles with a diameter of
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Fig. 1 Particle size distribution of the reagents
Table 1 Sample compositions in mass/%
Samples Ca(OH), C Standard Fe,O3 Nano Fe,O5
25 12.5 62.5
2 25 12.5 62.5
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4 mm and a capacity of 100 pl were used in these tests.
Select samples have been analyzed using a Siemens D5000
X-ray powder diffractometer using Ni-filtered Cu K,
radiation at 40 kV and 50 mA as well as scanning electron
microscope investigation using a Philips XL 30.

Kinetic analysis

TG results from experiments have been studied using the
Netzsch Thermokinetic software package [17]. In the
kinetic analysis, TG results have been expressed as reaction
extent o,

o= (Wi — W)/(W; — W) (6)

where W is the mass or wt% of the sample at a given time,
and W; and W; are the initial and final values for the
transformation.

A multi-curve method has been applied to the non-iso-
thermal measurements of each sample, specifically the
Friedman iso-conversion method. Friedman analysis is
based on the Arrhenius equation in a form shown here in
Eq. 7:

In(doe/dt) = In(A/f(a)) — E/RT (7)

The software provides values for the activation energy,
E, and the natural logarithm of the pre-exponential factor,
In A. This analysis has been used as a precursor to linear
and non-linear regression parts of the kinetic analysis
software in order to estimate the magnitude of activation
energy in correlation to conversion degree and temperature.
In the multiple linear regression section, a series of
experimental data was fit to a variety of different kinetic
models for a one-step process. Based on results from
Friedman analysis and multiple linear regression,
multivariate non-linear regression was used to fit TG data
to multi-step consecutive processes with the goal of
outlining reaction mechanisms of the system Ca(OH),—
C-Fe,05 within the temperature range of 573-1,073 K.
The derivative, f(o), and integral, g(o), kinetic model

functions in the Arrhenius rate equation appearing in this
study are summarized in Table 2.

Results and discussion
TG/DTA/QMS results

Thermal analysis was performed on micro briquettes of
samples 1 and 2 to investigate the kinetic effect of heating
rate and hematite grain size. Three heating rates have been
used; 2, 10, and 32 K/min. As mentioned earlier, two dif-
ferent average grain sizes for reagent hematite have been
used, ~300 nm (standard) and ~ 30 nm (nano). TG, DTA,
and QMS results are shown for sample 1 and 2 in Fig. 2.

TG results reveal clear differences in mass loss behavior
between the two samples. First, there is a difference in total
mass loss between sample 1, ~ 10 mass/%, and sample 2,
~ 8 mass/%. Second, the fraction of total mass loss for the
two separate TG steps (see temperature intervals in
Table 3) in each sample differs, i.e. sample 1 (step
1 ~ 0.3, step 2 ~ 0.7) and sample 2 (step 1 =~ 0.75, step
2 =~ 0.25).

DTA results complement TG results where the heat flow
during step 1 is roughly two times greater for sample 2 than
that sample 1. Furthermore, the heat flow during step 2 is
roughly 3.5 times greater for sample 1 than that sample 2.
Interestingly, a difference does occur between heating rates
where both samples exhibit small amounts of exothermic
heat flow between 773 and 873 K when heated at 32 K/min,
which otherwise was not observed at lower heating rates.
The reduction of Fe,O3 by CO/H, in reaction 4 is mildly
exothermic as well as carbon deposition by the reverse of
reactions 2 or 3.

An example of the QMS curves for samples 1 and 2 are
shown in Fig. 2. Obvious differences in evolved gas
intensities, especially for H,O and CO, correspond directly
with mass loss results from both samples. For closer

Table 2 The derivative, f(), and integral, g(o), kinetic model functions for the Arrhenius rate equation appearing in this study

Code g(o) fo) Kinetic model type

Fn a1 —ayhH -1 (1 — )" nth order, n < 3

R2 1—(1—w” 21 — )2 Two-dimensional phase boundary

R3 1—(1 - 31 — o)*? Three-dimensional phase boundary

B1 In(e/(1 — a)) + ¢ (1 — oo Prout-Tompkins autocatalysis

An (=In(1 — o))" n(1 — o)[=In(1 — )]~ Vn Avrami-Erofeev nucleation/growth,
n (reaction index) <4

D1 o 1720 One-dimensional diffusion

D2 o+ (1 — o)ln(l — a) —1/In(1 — ) Two-dimensional diffusion

D3 [1—@1—o”? [3(1 — )®?112[1 — (1 — o)) Three-dimensional diffusion
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Fig. 2 TG results from

a sample 1 and b sample 2 at
different heating rates. DTA
results from ¢ sample 1 and

d sample 2 at different heating

rates. QMS curves from
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Table 3 Upper part: temperature interval definitions for each TG
step in both samples 1 & 2 Lower part: Average calculated response

for TG step 2 in samples 1 & 2

B/K min~! AT/IK
Step 1 Step 2

2 593-703 723-953
10 613-743 773-1013
32 643-783 813-1073
Samples RD,p,p/ % N,0/% Neol%

25.2 51.1 86.9
2 7.5 6.0 73.5

analysis, mass loss and maximum gas intensity data during
step 2 has been used to calculate apparent reduction degree
(RDypp), HoO utilization degree (ny,o) following dehy-
dration of Ca(OH), content, and CO utilization degree
(nco) in reduction reactions. The lower part of Table 3
shows a clear difference between 1y, of samples 1 and 2
having a marked negative effect on the calculated reduction
degree of sample 2.

SEM results of raw and heat treated samples

Figure 3 shows cross sections of micro briquettes of sam-
ple 1 heated to 1,073 K. Figure 3a shows the outer edge of
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a sample heated at 2 K/min. In this sample, CaO particles
are intact and porous indicating that little structural change
has occurred in the grain after dehydration. From EDS
results, we observed that iron oxide particles have an
average iron content lying between magnetite and wustite.
Figure 3b shows a large iron oxide particle or sintered
grouping of many particles after heating at 10 K/min. Here,
we observed a reduction gradient where points 1 & 3 have
iron content close to magnetite and 2 & 4 hematite. In
Fig. 3c, a particle of calcium-rich calcium ferrite seem-
ingly has started to crystallize and become more angular in
shape. The reduction degree of iron oxide in sample 1 did
increase slightly with an increase in heating rate. Evidence
of hematite reduction and calcium ferrite formation has
been verified by powder XRD of sample 1 after heat
treatment to 1,073 K, see Fig. 4.

SEM results from tests with sample 2 are given in
Fig. 5. Figure 5a shows an example of crack formation in a
micro briquette of sample 2 heated at 10 K/min. This
behavior was observed in all trials with sample 2 inde-
pendent of heating rate but was more prevalent at 10 and
32 K/min. In Fig. 5b, we observed a higher degree of
reduction in iron oxide grain 2 (semi reduced FeO/Fe) and
3 (FeO) than in sample 1. This behavior was not seen
throughout the entire micro briquette but in specific areas
with a high local concentration of graphite in contact with
iron oxide. Grain 1 shows an example of calcium ferrite
with a gradient between Ca and Fe content. In Fig. 5c, we
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FeO/Fe:04

Fig. 3 SEM cross sections of heat treated sample 1 at a 2 K/min,
b 10 K/min, ¢ 32 K/min

1.Fe F6204

2. Ca2F9205
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Fig. 4 XRD of sample 1 heat treated to 1,073 K

observed a highly crystallized grain of calcium ferrite in
the middle of a sample heated at 32 K/min.

Kinetic results
Friedman analysis and master plots

Diagrams illustrating the model-free Friedman analysis of
the TG results from samples 1 & 2 are shown in Fig. 6. The

Fig. 5 SEM cross sections of heat-treated sample 2 at a 2 K/min,
b 10 K/min, ¢ 32 K/min

TG results have been treated as two step transformations in
both samples for ease of evaluation. The main differences
between the two samples is first, the dissimilarity between
the trend in apparent activation energy at conversions of
o>0.9 in step 1, i.e. Fig. 6a and c, and second, the
increasing trend in activation energy at o > 0.9 in step 2
for sample 2 but not for sample 1, Fig. 6b and d. Apart
from these differences, both samples show similar depen-
dence of the activation energy on conversion and this
behavior is often a sign that each transition contains mul-
tiple steps [17].

In order to more closely evaluate the possible kinetic
models that best describe the transformations occurring in
samples 1 & 2, a “master plot” can be constructed to
compare theoretical curves with the current experimental
curves. This method allows the user to discern the pre-
dominant kinetic model or family of models that best
match the experimental results using a relationship that is
generally independent of the measured kinetic parameters.
The specific master plot used here is based on the following
function [18-20]:
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Senum and Yang [21]:

x>+ 18x% + 88x + 96
H(x)

T ¥ 12003 + 12002 + 240x + 120

(11)

we arrive at the expression,
Z(x) = f(2)g(2) (12)

As seen in Fig. 7, the theoretical values of Z(x) for the most
common kinetic model types have been plotted against «
using Eq. 12 and expressions for f(«) and g(«) from
Table 2. Experimental values of Z(«) have been plotted for
samples 1 & 2 using Eqgs. 8 and 11.

The experimental results for step 1 in sample 1, Fig. 7a,
lie between An and Fn functions at conversions of oo < 0.2
with results from 2 K/min having a larger dimension/
smaller order than results from 10 and 32 K/min. This
behavior implies that the initial reaction mechanism is
more reversible at lower heating rates. At higher degrees of
conversion, 0.2 < o < 0.8, experimental results seem to
follow a trend similar to that of the R2 kinetic model, and
then follow the sharp negative slope of an An kinetic model
near the end of conversion. Step 2, Fig. 7b, shows general
agreement with the An/Fn curves at « < 0.3 and then
follows the R2 curve at greater conversion levels.

Master curve results for step 1 in sample 2, Fig. 7c, also
seem to obey an An and/or Fn function throughout the

@ Springer

Fig. 7 Z(«) diagram for sample 1; a TG step 1, b TG step 2 Z(o)
diagram for sample 2, ¢ TG step 1, d TG step 2 (for definitions of
kinetic model types see Table 2)

entire conversion but at 0.6 < o < 0.9 results for 2 K/min
deviate to a larger dimension/smaller order than do results
from 10 and 32 °C/min. In step 2, Fig. 7d, experimental
results are quite erratic but generally follow a trend com-
parable to An and/or Fn behavior at o < 0.4 and then
converge to a trend similar to R3 behavior at greater con-
version levels. However, results from 2 and 10 K/min do
show some adherence to D1, i.e. diffusion control, behavior
at 0.5 < o < 0.8.
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Non-linear regression analysis

With knowledge gained from Friedman and master plot
analysis, configurations of consecutive and concurrent
multiple reactions were tested in the non-linear regression
analysis. Throughout the course of analysis, it became
apparent that a concurrent configuration of multiple reac-
tions was far inferior to consecutive reactions. This was
evident due to relatively low correlation coefficients and
very large standard errors returned by concurrent reaction
models. Furthermore, TG and DTA results show very little
if any significant dependence on the heating rate, which
speaks against a branched/concurrent reaction path. With
reservation for some overlapping between the start and
finish of the proposed reaction models, a consecutive
configuration of multiple reactions has been used in the
current analysis. Results from the regression analysis of TG
experiments involving sample 1 and sample 2 are shown in
Table 4 and Fig. 8.

Sample 1

The initial Fn behavior in TG step 1 can be interpreted as a
mechanism beginning with CaO product nuclei formation
that is somewhat impeded by the reverse process of rehy-
dration indicated by an order less than 1. Normally, CaO
nuclei formation would be followed by the formation of a
dense reaction layer [22], but because of the tightly packed
multi-component structure in the micro briquettes gas dif-
fusion is hindered thereby increasing the residence time of
product H,O gas allowing rehydration to occur.

The agreement with the R2 model at 0.19 < o < 0.93 can
possibly be attributed to a reaction mechanism where

Table 4 Results of regression kinetic analysis

advancement of the reaction interface is related to the
layered crystal structure of Ca(OH),, i.e. if product nucle-
ation occurs at the more-reactive edge surfaces of a plate-
like crystal then the reaction layer would progress inwards
two-dimensionally [23]. However, another possible expla-
nation to this type of physico-geometric behavior was
observed by Barret [24], where the characteristics of the
phase-boundary reaction were shown to depend on the shape
of the crucible, i.e. a cylindrical crucible results in R2
behavior. The activation energy for the R2 model is slightly
higher than the energy for dehydration of Ca(OH), found in
literature, ~ 120 kJ/mol. This can be due to overlap with
subsequent Fn model behavior during the formation of COy,
from graphite gasification. Activation energies for the
steam—carbon reaction are of the magnitude 150 kJ/mol at
atmospheric pressure but are highly dependent on the local
steam partial pressure, temperature, and CO/CO, ratio [25].

The initial model behavior in TG step 2 is rationally tied
to the end of TG step 1. Here, the An behavior (¢ < 0.24) can
be interpreted as random growth of the COyg)/FezOy
interface where CO, is a product from hematite reduction.
Following interface growth, continuing reduction of hema-
tite apparently proceeds via the phase-boundary mechanism,
R2. El-Geassy’s work also concludes this type of mixed
reaction mechanism for the reduction of hematite [26]. The
apparent activation energy from the model, ~ 180 kJ/mol,
lies in between energy values for gaseous reduction of iron
oxide, 36-71 kJ/mol [27-29], and the intrinsic energy for
the Boudouard reaction of approximately 400 kJ/mol [30].
This behavior, i.e. the reaction between solid carbon and iron
oxide occurring as a combination of carbon gasification
and carbothermic reduction, is generally accepted in the
literature [31].

Sample 1: multivariate non-linear regression results

TG step Model Order or dimension/n w E,/kJ mol™! In A/s™! R?

1 Fn 0.75 0.19 179.41 + 3.99 27.26 + 0.87 0.99950
R2 2 0.74 148.63 £ 1.1 20.01 £ 0.18
Fn 0.79 126.05 + 14.35 15.38 + 1.49

2 An 0.69 0.24 191.94 + 5.51 19.25 +£ 1.35 0.99921
R2 2 178.79 £ 2.44 1573 £ 0.23

Sample 2: multivariate non-linear regression results

TG step Model Order or dimension/n w E,/kJ mol ™ In A/s™! R?

1 Fn 0.54 0.37 153.83 + 2.81 22.04 £ 0.67 0.99888
An 1.46 0.29 140.32 + 10.52 20.03 + 1.84
An 2.12 139.97 + 6.85 19.50 &+ 1.08

2 Fn 1.32 0.32 152.98 + 3.92 16.03 £+ 0.53 0.99775
R3 3 188.42 + 2.84 18.35 +£ 0.39

# Parameter w is a weighting factor used in multiple reaction models
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Fig. 8 Fit of the TG (a) 100 ° (b) 98,
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Sample 2

In sample 2, the initial Fn model in TG step 1 is similar to
that in sample 1 but the order of reaction is lower. This is
most likely due to the finer hematite grain size in sample 2
causing a decrease in total porosity within the briquette.
Consequently, gas diffusion would become more difficult
in the briquette thereby increasing the reversibility of the
dehydration reaction in this initial stage. Next, in contrast
to the behavior in sample 1, sample 2 follows nucleation/
growth behavior during the 2nd stage rather than phase-
boundary behavior. In reference to Fig. 2, the derivative of
TG results show that the maximum rate of mass loss in step
1 for sample 2 (~1.4%/min) is more than twice that in
sample 1 (~0.6%/min). An explanation can be that,
instead of a slow advancement of the reaction interface as
seen in sample 1, cracks develop in sample 2 due to
excessive gas pressure build-up caused by overly dense
particle packing resulting in more rapid and extensive
dehydration. At the same time, the n exponent is close to
1.5, signifying that nucleation is instantaneous and growth
of CaO occurs preferably in one direction more than the
other [32]. The final stage of TG step 1 follows A2
behavior and can be interpreted as the growth of the CO g/
C interface during graphite gasification. The gasification
reaction can be starved due to low steam pressure, so the
small amounts of COg that are produced will more likely
remain adsorbed to solid graphite surfaces [33] rather than
participating in reduction reactions.

In TG step 2, the transition seems to initially follow Fn
behavior interpreted as the direct reaction between Cg, and
Fe,03, at those graphite surfaces which are in close
contact with iron oxide. At lower heating rates (2 and
10 K/min), chemical control might be deferred by diffusion
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control as seen by the apparent correlation to D1 behavior
in master curve analysis, Fig. 7d. Following initial direct
reduction, further reduction of hematite apparently pro-
ceeds via phase-boundary mechanism, R3. The shrinking
core model is more preferable in sample 2 than in sample 1
likely due to the much finer hematite particle size in sample
2 as well as the larger apparent activation energy,
~ 190 kJ/mol, signifying more control by the Boudouard
reaction, reaction 3.

Conclusions

The complex series of transformations occurring when iron
and steelmaking by-product agglomerates are used as
recycled iron charge in steelmaking processes was inves-
tigated on the basis of a simpler model system: Fe,O3—
Ca(OH),—C in inert atmosphere.

The kinetics of two chemically identical samples, with
two different grain sizes of hematite, was investigated. The
overall transformation below 1,073 K involves a series of
reactions, including calcium hydroxide dehydration, carbon
gasification, iron oxide reduction, and calcium ferrite
formation.

With briquettes containing micro-sized hematite, the
transformation starts with calcium hydroxide dehydration,
whose first step, CaO nucleation, is somewhat impeded by
the slow escape of H,O imposed by the tight structure of
the briquette. Dehydration proceeds by the inward 2D
growth of the CaO grains. Evolved steam in turn begins
gasifying carbon grains, producing CO and H,. Then, the
reduction of hematite takes place by these gases, also via a
2D phase-boundary mechanism, to a reduction degree
between magnetite and wustite. Parallel to the iron oxide
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reduction, a calcium ferrite phase appears, in the form of
angular and calcium-rich particles.

In the case of briquettes containing nano-sized hematite,
the course of the transformation is slightly different.
Nucleation of CaO starts more slowly due to lower total
porosity of the briquette, but soon after, the development of
cracks, which is favored by high heating rates, makes
dehydration more rapid and more extensive. Carbon gasi-
fication by steam is hampered by lower water pressures
after crack formation. Locally, where hematite grains are in
close contact with carbon particles, direct reduction can
occur followed by a 3D phase-boundary mechanism
resulting in select iron oxide grains reaching a reduction
degree equivalent to wustite.

Acknowledgements The authors would like to express their grati-
tude to Mr. Bernard Rouat for all help in laboratory and the Foun-
dation of King Carl XVI Gustaf’s 50th Birthday Fund for financial
support during the completion of this work.

References

1. Takano C, Nascimento RC, Silva GFBL, dos Santos DM, Mourao
MB. Recycling of solid wastes containing iron from integrated
steelmaking plant. In: EPD congress; 2001, TMS, p. 183-193.

2. Gudenau HW, Senk D, Wang S, De Melo Martins K, Stephany C.
Research in the reduction of iron ore agglomerates including coal
and C containing dust. ISIJ Int. 2005;45(4):603-8.

3. Ahn JS, Chon CM, Moon HS, Kim KW. Arsenic removal using
steel manufacturing byproducts as permeable reactive materials
in mine tailing containment system. Water Res. 2003;37(10):
2478-88.

4. Robinson R. High temperature properties of by-product cold
bonded pellets containing blast furnace flue dust. Thermochim
Acta. 2005;432:112-23.

5. Takano C, Mourao MB. Self-reducing pellets for ironmaking:
mechanical behavior. Miner Processing Extr Metall Rev. 2003;
24:233-52.

6. Mantovani MC, Takano C. The strength and high temperature
behaviors of self-reducing pellets containing EAF dust. ISIJ Int.
2000;40(3):224-30.

7. Kashiwaya Y, Kanbe M, Shii K. Reaction behavior of facing pair
between hematite and graphite: a coupling phenomenon of
reduction and gasification. ISIJ Int. 2001;41:818.

8. Mookherjee S, Ray HS, Mukhrjee A. Isothermal reduction of iron
ore fines surrounded by coal och char fines. Ironmaking Steel-
making 1986;13:229-35.

9. Lu W-K, Bryk C, Gou H. The LB furnace for smelting reduction
of iron ore. In: Proceedings of the 5th international iron and steel
congress, Book 3, vol 6. 1986, p. 1065-1075.

10. Gou H, Lu W-K, Bryk C. Bench scale test of a new ironmaking
process with mixture of iron ore concentrate and pulverized coal.
IS1J Int. 1992;32:733-40.

11. Kumabe K, Moritomi H, Yoshiie R, Kambara S, Kuramoto K,
Suzuki Y, Hatano H, Lin SY, Harada M. Gasification of organic
waste with subcritical steam under the presence of a calcium-
based carbon dioxide sorbent. Ind Eng Chem Res. 2004;43:
6943-7.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wang J, Takarada T. Role of calcium hydroxide in supercritical
water gasification of low-rank coal. Energy Fuels. 2001;15:
\356-62.

Inui T, Otowa T, Okazumi F. Gasification of active carbon by
iron-based composite catalysts for obtaining directly a gas of
optional H,/CO ratio. Carbon. 1985;23(2):193-208.

Sato S, Lin SY, Suzuki Y, Hatano H. Hydrogen production from
heavy oil in the presence of calcium hydroxide. Fuel. 2003;82:
561-7.

Sohn HY, Wadsworth EM. Rate processes of extractive metal-
lurgy. New York: Plenum Press; 1979.

Robinson R, Menad N, Bjérkman B. Low temperature behavior
of the Ca(OH),—C system and its significance on the self-reduc-
tion of cold bonded by-product agglomerates. In: Proceedings of
the 4th ICSTI. 2006, p. 311-314.

Opfermann J. Kinetic analysis using multivariate non-linear
regression. 1. Basic concepts. J Therm Anal Calorim. 2000;60:
641-58.

Ortega A. The kinetics of solid-state reactions toward consensus,
Part 2: fitting kinetic data in dynamic conventional thermal
analysis. Int J Chem Kinetics. 2002;34:193-208.

Koga N, Sestak J, Malek J. Distortion of the Arrhenius parame-
ters by the inappropriate kinetic model function. Thermochim
Acta. 1991;188:333.

Criado JM, Ortega A, Gotor F. Correlation between the shape of
controlled rate thermal analysis curves and the kinetics of solid
state reactions. Thermochim Acta. 1990;157:171-9.

Senum GI, Yang RT. Rational approximations of the integral of
the Arrhenius function. J Therm Anal. 1977;11:445-7.

Galwey AK, Laverty GM. A kinetic and mechanistic study of the
dehydroxylation of calcium hydroxide. Thermochim Acta.
1993;228:359-78.

Koga N, Tanaka H. A physico-geometric approach to the kinetics
of solid-state reactions as exemplified by the thermal dehydration
and decomposition of inorganic solids. Thermochim Acta. 2002;
388:41-61.

Barret P. In: International proceedings of the 4th symposium on
the reactivity of solids. 1960, p. 178.

Mann MD, Knutson RZ, Erjavec J, Jacobsen JP. Modelling
reaction kinetics of steam gasification for a transport gasifier.
Fuel. 2004;83:1643-50.

El-Geassy AHA. Stepwise reduction of CaO and/or MgO doped-
Fe,O; compacts (hematite-wustite-iron transformation steps).
Scandinavian J Metall. 1998;27:205.

Turkdogan ET. Reduction of iron oxides. In: 31st Ironmaking
conference proceedings. 1972, p. 438—458.

Turkdogan ET, Vinters JV. Gaseous reduction of iron oxides:
Part I. Reduction of hematite in hydrogen. Metall Mater Trans B.
1971;2(11):3175-88.

Dutta SK, Ghosh A. Kinetics of gaseous reduction of iron ore
fines. ISIJ Int. 1993;33:1168-73.

Fortini OM, Fruehan RJ. Rate of reduction of ore-carbon com-
posites: Part II. Modeling of reduction in extended composites.
Metall Mater Trans B. 2005;36(B):709-17.

Haque R, Ray HS. Role of ore/carbon contact and direct reduc-
tion in the reduction of iron oxide by carbon. Metall Mater Trans
B. 1995;26(B):400-1.

Malek J. The applicability of Johnson—-Mehl-Avrami model in
the thermal analysis of the crystallization kinetics of glasses.
Thermochim Acta. 1995;267:61-73.

Turkdogan ET, Vinters JV. Effect of carbon monoxide on the rate
of oxidation of charcoal, graphite and coke in carbon dioxide.
Carbon. 1970;8:39-53.

@ Springer



	Low temperature reactivity in agglomerates containing iron oxide
	Studies in the Ca(OH)2--C--Fe2O3 system
	Abstract
	Introduction
	Experimental
	Materials
	Methods
	Kinetic analysis

	Results and discussion
	TG/DTA/QMS results
	SEM results of raw and heat treated samples
	Kinetic results
	Friedman analysis and master plots
	Non-linear regression analysis
	Sample 1
	Sample 2


	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


