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PREFACE 

The recycling and/or refining of iron-bearing by-products from integrated iron and steelmaking 
production is a vital technological endeavour for today’s steel industry. Considerable amounts of fine-
grained dust, sludge and mill scale are generated from iron and steel production annually. These by-
products require some form of pre-treatment before recycling. Traditionally, a large part of these by-
products were fed to the sinter plant but in Sweden, as a result of increased environmental 
accountability, the last sinter plants were closed during the mid 1990s. Increasing environmental 
regulation and increasing economical incentive to recycle by-products on-site have led the industry to 
consider recycling techniques that are economically viable and environmentally sound. Cold bond 
agglomeration is a low energy, environmentally suitable alternative to sintering of these by-products.  

The aim of this thesis is to study the feasibility for effective recycling of cold bonded by-product 
agglomerates in the integrated iron and steelmaking process. On a fundamental level, this thesis 
investigates the properties of cold bonded pellets at room temperature and when subjected to high 
temperatures. The research topics include: 

Characterization of various cold bonded agglomerate blends 

Pellet cold strength and production capacity 

Self-reducing behavior of cold bonded pellets 

Large scale testing in an experimental blast furnace and a basic oxygen furnace 

The work completed for this doctoral thesis was conducted in part at the Division of Process 
Metallurgy and in part as collaboration with industry in a research project within MiMeR (Minerals 
and Metals Recycling Research Center) at Luleå University of Technology as well as a research 
exchange with the Laboratory of Material and Metallurgical Engineering at the University of Nancy, 
France.
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ABSTRACT

Within the last decade, the landfill tax in Sweden has increased over 70% with comparable rates in the 
UK and elsewhere in EU. This development, among others, highlights the incentive for increased 
recycling efforts of fine particulate solid by-products in the iron and steel making industry in order to 
avoid depositing costs and to recover valuable metal fractions. As pre-treatment is necessary for 
recycling fine particulate material, cold bonded agglomeration is considered to be a well-suited 
alternative for recycling of steel industry by-product dust and sludge. 

The major objective of this work has been to provide insight to help further the development of cold 
bonded agglomeration technology in order to increase the recycling of iron and steelmaking by-
products. Laboratory pelletizing tests were conducted based on a factorial design test plan to help 
identify those variables that most influence the cold strength and capacity of product cold bonded 
pellets (CBPs). The design variables were the individual components of the by-product pellet mix; i.e 
blast furnace (BF) flue dust, oily mill scale sludge, both fine and coarse basic oxygen furnace (BOF) 
dust and Portland cement as binder. A similar statistical procedure was used to plan reduction 
experiments in inert gas over a temperature range of 20-1200°C. The results from cold strength and 
reduction tests have been evaluated using multivariate statistical analysis to model the experimental 
variables with chosen responses in order to help identify those variables that have most significance. 
For agglomerate sizes used in this study, pellet blends with large fractions of particles in the size 
range of 10-40 m promote good self-reduction while maintaining good cold strength. 

The fundamental reactions occurring during the heat treatment of CBPs have also been studied. BF 
flue dust, which contains fractions of coal and coke particles, has been included in the CBP blend as a 
source of solid reductant. Thermal analysis was performed on samples in inert atmosphere at a heating 
rate of 10°C/min in order to observe their high temperature properties, specifically, the mechanism(s) 
of self-reduction. The gases generated during thermal analysis were analyzed with a mass 
spectrometer. Furthermore, raw and heat treated pellet samples were analyzed using X-ray diffraction 
and scanning electron microscopy. Results demonstrate that the decomposition of hydrates and 
carbonates in CBP samples contribute, as gaseous intermediates, to the prereduction of contained iron 
oxides. The gaseous intermediates are responsible for an initial gasification of carbon contained in BF 
flue dust leading to low temperature iron oxide reduction. The step-wise reduction of iron oxides in 
the pellets at the given conditions begins at roughly 500°C and is nearly complete at 1200°C. 

Detailed studies of the system Ca(OH)2-C-Fe2O3 have also been conducted because of the inherent 
importance of this system in the self-reduction of by-product agglomerates. Experiments have 
confirmed that carbon gasification does occur during the dehydration of lime and kinetic results 
correlate well with behavior observed in CBPs. Hematite reduction in the simplified chemical system 
is controlled by either carbon gasification or availability of direct contact with graphite depending on 
hematite grain size. The latter results show less correlation with CBP behavior. After dehydration of 
Ca(OH)2, calcium ferrite formation begins at temperatures below 600°C. Furthermore, the effect of 
varying composition in the Ca(OH)2-C-Fe2O3 system has been studied in order to optimize self-
reduction and low temperature bonding characteristics. 

The metallurgical characteristics of CBPs have been tested in additional laboratory tests; i.e. 
isothermal reduction, BF simulation, and softening and melting tests. The results indicate that CBPs 
show a marked decrease in tumbler strength during reduction between 700 and 900°C when CO/CO2
> 1 but as a fraction of the normal ferrous burden, ~10%, show good softening and melting properties. 
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Large-scale trials with CBPs have been conducted in a commercial BOF and a pilot scale BF. Results 
from BOF testing show that charging of CBPs is feasible at levels of at least 2.2 wt% of the total 
charge. At these levels, CBP addition resulted in no adverse disturbances to steel and slag chemistry 
and to the process in general. Results from pilot scale BF tests show that operation was very stable 
during testing with 150 kg CBPs/tHM but that the burden descent rate and burden gas distribution 
were disturbed during periods with more CBP burden. The rate of reducing agents was significantly 
decreased and slag amount was increased when CBPs were charged. 
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CHAPTER 1 

INTRODUCTION

1.1 BACKGROUND 

In the global steel industry, more than 400 kg of solid by-product is generated per ton of steel 
produced. Most of this by-product (70-80%) is in the form of slag, which after due diligence, is now 
widely used in the cement industry and for road and civil construction. The remaining solid by-
products can be classified as dusts, sludge, and oily/non-oily mill scale.[1] Traditionally, a large 
majority of these by-products have been recycled back to the BF through the balling and sintering 
process. In Sweden, the sintering process has met considerable opposition due to its adverse 
environmental impacts, specifically dioxin emissions, resulting in the closure of all sinter plants. 
Barring the sintering process, the fraction of by-products classified as fine particulate, 60% of dusts 
and sludge, is very difficult to recycle without extensive pre-treatment. These dusts are problematic to 
recycle not only because of their small particle size but also for their high content of tramp impurities 
of which the saleable impurities content is not high enough to make further processing economical.[2]

In recent years as costs for dumping solid by-products from the steel industry in landfills have 
increased due to lack of land availability and increasing environmental restrictions, the recycling of 
these solid by-products, not only to avoid landfill costs but also to recover valuable metal fractions, 
has become a near necessity. 

In Sweden, the recycling of iron-bearing dust and sludge generated in integrated steel plants can 
currently be realized by using one or two of four methods that include; cold bonded agglomeration, 
injection, direct reduction and smelting reduction. Of these, cold bonded agglomeration is considered 
to be the process best suited for recycling of the fine fraction of steel industry by-product dust and 
sludge from the comprehensive viewpoint of technical, economic and environmental aspects.[3]-[8]

The method of cold bonded agglomeration is generally achieved by one of two means; briquetting or 
pelletizing. Cold bonded briquetting is superior to pelletizing when the raw material blend has a broad 
particle size distribution with significant amounts of both fine and coarse particles. When the raw 
material blend has a particle size distribution approximately 80% < 200-250 m, cold bonded 
pelletizing is considered to be the optimal method of agglomeration.[9] It is this method that is of 
interest in the current work. 

1.2 COLD BONDED PELLETIZING 

Cold bonded pelletizing of fine iron ores originated in Sweden, where a patent was applied for by 
Svensson.[10] Cold bonded pelletizing has some particular features that differ from the earlier 
traditional pelletizing techniques used for fine iron ores. These features consist of (i) material 
blending with binder (cement) at lower temperatures; (ii) balling of fines under normal atmospheric 
conditions and (iii) pellet self-hardening at room temperature or at 70-100°C with a relative humidity 
of 70%. 

The first cold bonded pelletizing plant, the Grangcold plant, started operation at Grängesberg, Sweden 
in 1971.[11] Subsequently, the cold bonded pelletizing method has triggered great interest in the world 
not only for treatment of iron ores but of other minerals as well. The cold bonded pelletizing related 
patents and know-how in the industry were developed further in some countries, Japan in 



particular.[12],[13] In the 1980’s it became evident that cold bonded pelletization was an economically 
feasible method for agglomerating iron-bearing dust and sludge. 

1.2.1 AGGLOMERATION THEORY 

Cold strength is one of the most important factors to control when dealing with CBP quality. 
Theoretical considerations of agglomerate cold strength have focused on the binding mechanisms and 
cohesive forces involved in the process.[8],[14] The tensile strength of an agglomerate held together by 
binding mechanisms at the particle contact points can be defined as follows:[15]

dff
d

P 11  (1) 

where P is the tensile strength, d is the particle size,  is the wetting angle, is the fraction of pores 
filled with water and  is the porosity, calculated using apparent density, a, and true density, t: 

100/1 ta  (%) (2) 

As seen in Eq. (1), the tensile strength increases with increasing surface tension and decreasing 
porosity and particle size values. Therefore, the cold strength of a CBP is optimized by selecting a 
suitable binder featuring high adhesion or binding forces, using a raw material with a small 
representative particle size and applying suitable curing techniques that produce permanent bonds 
with high strength.[16]

1.2.2 PORTLAND CEMENT AS BINDER 

Portland cement has long been used as a binder for cold bonded agglomeration of iron-bearing fines. 
Among the advantages for using Portland cement as a binder are: it is readily available, has 
comparably low cost, has good cold strength properties and has little or no effect on blast furnace 
chemistry.[17] The relative high sulphur content of Portland cement can be a disadvantage for its use in 
sulphur sensitive metallurgical processes. 

Portland cement is comprised of largely tricalcium silicate, 3CaO.SiO2, and dicalcium silicate, 
2CaO.SiO2, also having minor contents of calcium aluminates, calcium ferrites and other phases. 
During hydration of Portland cement a CaO-SiO2-H2O (CSH) gel, consisting of calcium silicate based 
hydrates of various composition and structure, is formed along with portlandite, Ca(OH)2. The CSH 
gel is responsible for bonding discrete particles together in cold bonded agglomerates where the 
strength of these bonds depend on factors such as particle shape and size and content of binder.[18]

1.2.3 RAW MATERIAL BENEFICIATION 

A variety of techniques have been used to improve the properties of by-products making them more 
fitted for agglomeration and subsequent recycling in process operations. The goal of pretreating by-
products before agglomeration is to reduce oil, water and tramp impurity content and to decrease the 
chemical variability while increasing the iron content of the by-products. Deoiling is accomplished by 
either thermal incineration or aqueous/organic washing techniques. Dewatering by standard 
techniques usually helps to remove a bulk of the oil content as well. Tramp impurities, particularly 
zinc and lead, can be removed by utilizing techniques such as hydrometallurgical leaching, size 
classification with the help of a hydrocyclone, flotation, sulfation roasting and other methods. But the 
previously mentioned methods have not found as wide an acceptance as the high temperature 
(>1000°C) reduction techniques used for removal of tramp impurities from iron-bearing fines. The 
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chemistry of BF flue dust can vary considerably, but by using flotation techniques the dust can be 
concentrated into iron-rich and carbon-rich fractions thereby reducing variability.[19] Optimal grinding 
of by-products in order to obtain a continuous particle size distribution satisfying the conditions of a 
“Fuller Curve” will help to homogenize the by-product blend as well.[20]

1.2.4 PELLETIZING 

Before pelletizing, the raw material (by-product blend) should be mixed with the preferred amount of 
cement, based on strength requirements, in order to further homogenize the raw material and ensure a 
maximum number of bond points.[21] The raw material is then blended with an optimal amount of 
water to produce viscous homogenous slurry. This slurry is then fed to a standard disk or drum 
pelletizer and left to rotate under predetermined time and pelletizing parameters. After pelletizing, the 
green pellets are screened for optimal size and the undersize pellet fraction is returned to the 
pelletizer.[9], , ,[12] [21] [22]

1.2.5 CURING 

Curing of green pellets is inherently dependent on the type of binder used. For example, strength 
development in calcium silicate based binders relies on hydration to form the CSH gel whilst a 
molasses based binder relies on the removal of moisture for strengthening.[23] When using a calcium 
silicate based binder such as cement the strength development occurs quickly in the beginning and 
then tapers off slowly until the final strength is reached. For this reason, the curing process is divided 
into two steps, primary and secondary curing. Primary curing requires 1 to 3 days depending on the 
strength requirements and the curing conditions (normal atmospheric conditions or elevated 
temperature and relative humidity). Secondary curing requires a longer period of time under ambient 
conditions, limited only by the duration required to meet target strength values.[9]- , ,[12] [21] [24]

1.3 COLD BONDED AGGLOMERATES IN THE BOF 

Preferably, by-product recycling is normally carried out in the ironmaking process stage to avoid 
unnecessary impurtiy flows into the steelmaking processes. In cases where by-product agglomerates 
contain critical levels of elements that are deterimental to the BF process due to accumulation/re-
circulation problems, i.e. zinc and alkali, or sub-par strength characterisics, i.e. high carbon content, 
these materials can be successfully recycled to the BOF process because it is not sensitive to the 
effects incurred by high vapor pressure elements and low agglomerate strength. Cold bonded by-
product agglomerates can be used in several ways in the BOF. The most common uses are as a scrap 
substitute, a primary coolant and a dynamic coolant. If used as a scrap substitute (i.e. with scrap 
charge before hot metal addition in the BOF), the agglomerates will replace a portion of the scrap 
with regards to iron units; therefore it is imperative that they have relatively high iron content. 
Agglomerates are typically charged to the BOF by two different means, in the scrap box or through a 
material bin along with flux.[25] A pair of studies has been conducted to see how effective the iron 
units from charged agglomerates report to the steel. During tests at plants using between 8,000 and 
20,000 kg of agglomerates per heat, a recovery of greater than 90% of iron units to the molten steel 
has been observed when the agglomerates are used as scrap substitute.[26] When charged at the 
beginning of the blowing period, cold bonded agglomerates containing blast furnace flue dust resulted 
in a recovery of 75% of iron units to molten steel.[30]

When used as a primary coolant, by-product agglomerates will require an increase in the level of hot 
metal charge in order to thermally balance the agglomerate addition because of the increased cooling 
capacity incurred by their use. Cold bonded by-product agglomerates have a cooling capacity 
calculated between 2.1 and 2.6 times that of iron scrap depending on the chemical composition of 
agglomerates.[17]
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Dynamic coolants are used to change endpoint temperature and carbon content of steel during the 
final minutes of the blowing period. Here, the cooling effect of by-product agglomerates is not as 
effective as when used as primary coolants due to deficiency of carbon in the system to reduce iron 
oxides late in the blow.[25]

1.3.1 EFFECTS ON BOF PROCESS 

There are process parameters that can be greatly affected by the use of by-product oxide agglomerates 
in the BOF. These parameters include chemical composition of molten steel and slag, molten yield, 
endpoint performance and dust generation. During full-scale tests with agglomerate additions up to 
10,000 kg/heat, both the molten yield and the iron content of slag show negligible changes when 
compared to heats without agglomerate addition.[17] A main factor affecting molten yield is slopping. 
Slopping is influenced by many factors, which include lance height, oxygen flow rate, hot metal 
silicon content, additive moisture content and the foam ability of the slag.[12],[28] It is reported that 
when agglomerates are charged as scrap substitute, slopping is increased with increasing silicon 
content of the hot metal. Likewise, some research states that slopping will increase with increasing 
FeO content in the slag before ignition (when the lance is lowered and decarburization accelerates).[29] 
The endpoint performance, especially sulphur and phosphorous levels, is negligibly affected by 
agglomerate addition as well.[27]  

As mentioned earlier, addition of iron oxide bearing agglomerates require excess hot metal and if this 
is not possible due to vessel constraints then additional energy must be added in some other form to 
achieve the desired tap temperature. Supplemental energy can be incorporated into the by-product 
agglomerates as carbon or silicon addition. The effects of adding 20% coke breeze to a by-product 
agglomerate charge was studied and results indicate that roughly 85% of the carbon was utilized in 
reduction (assuming a CO/CO2 ratio of 9:1).[26] Further benefits of charging agglomerates with high 
carbon content to the BOF is the ensuing decrease in oxygen content in the metal bath alleviating both 
refractory lining damage and consumption of aluminium at the stirring station.[30] On the other hand, 
iron oxide bearing agglomerates without carbon addition can be used as dynamic coolants in place of 
iron ore to help control hot metal temperature and/or as a partial scrap substitute to reduce cost. 

Dust formation in the BOF can be explained collectively by four mechanisms: ejection of metal, 
ejection of slag, escape of charged material, and vaporization. The escape of charged material during 
blowing includes the use of cold bonded agglomerate charge. Inevitably, some part of all charged 
material will end up in the process dust but the extent of dust generation can be dampened with the 
use of optimal material handling and charging techniques. As an example, most of the material 
charged to the BOF is sieved to avoid the entraining of small particles in the gas evolved during 
blowing.[31]

1.4 COLD BONDED AGGLOMERATES IN THE BF 

By-products deemed suitable for the BF process have been recycled via the sinter plant for decades. 
As environmental regulation and other factors have led to the closure of some sinter plants, the 
agglomeration and eventual recycling of these by-products in the BF has become a standard practice 
at a number of plants worldwide.[32]-[35]

The BF process has a low tolerance for certain compounds; therefore, these compounds must be 
controlled to maintain acceptable levels for smooth BF operation. Zinc and lead containing materials 
should be avoided as charge to the BF due to their detrimental effect on furnace refractory lining, 
tuyere performance and their significance in skull formation. The alkali content of charge to the BF 
should also be controlled to avoid excessive alkali loading leading to accretion formation. Sulphur and 
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phosphorus contents in materials charged to the BF should be monitored as well to maintain 
acceptable limits in hot metal quality.[19],[36]

Conditions in the BF process put more constraints on the binder system, used in agglomerate charge, 
than in the BOF. Charged agglomerates are required to maintain structural integrity from the top of 
the BF shaft into the cohesive zone. Premature breakdown or significant swelling of agglomerates 
could have detrimental affects to conditions in the BF.[25] Testing at various plants has shown that 
when charged at levels up to 5% of the iron-bearing burden, by-product agglomerates have little or no 
detrimental effect on BF operation and actually decrease the rate of reducing agents required in the 
furnace when carbon is incorporated in the agglomerates.[32],[35],[37]

1.4.2 EFFECT ON BF PROCESS 

Accounts reported from those facilities having experience with by-product agglomerate charge as 
burden, have one major observation in common; increasing the cold bonded agglomerate charge 
above 5% of the iron-bearing burden will give increased furnace instability and eventual furnace 
failure. Effects on the BF stability include; erratic burden descent, furnace temperature profile 
changes, increased pressure drop and increased slag yield.[13],[32],[33]

An upper limit for by-product agglomerate charge rate lies between 10 and 15% due to the observed 
drastic increase of burden hanging and slipping in the BF at these rates. Increased degradation of 
agglomerates in the furnace is the probable cause for irregular burden movement.[32],[35],[37]

Due to water content, cold bonded agglomerates can retard temperature increase in the BF upper 
shaft. The gas temperature tends to fall due to heat requirements of water vaporization and the low 
temperature zone, 500-700 C, has a tendency to elongate. A result of decreased temperature is a delay 
in reduction of iron oxides but measures can be taken to avoid this, such as increasing the rate of 
reducing agents and controlling the burden distribution in the furnace.[13],[33]

The pressure drop has been observed to increase with increasing cold bonded agglomerate addition to 
the BF. The cause of this can most likely be attributed to a reduction in bed permeability due to an 
increased fines generation from degradation of agglomerates. At higher rates of cold bonded 
agglomerate addition an increase in BF flue dust is observed as well.[32],[38] In order to compensate for 
high temperature degradation, cement content in cold bonded agglomerates can be increased to give 
almost linear improvements in compression strength.[9] One downfall of cold bonded agglomerate 
charge may be that cement binder and the high content of oxides in agglomerated materials will cause 
an increase in slag yield leading to additional energy requirements.[38]

1.5 SELF REDUCTION AND BONDING PHASE FORMATION IN CBPs 

1.5.1 REDUCTION OF IRON OXIDE WITH C(s)

A good understanding of the self-reduction characteristics in agglomerates of iron oxide containing 
solid carbon is essential for the further development of cold bonded agglomerates containing by-
products for use as recycle in the steelmaking industry. The literature contains a vast body of work 
related to the reduction behavior of composites containing various assemblages of iron oxide and 
carbon. Two comprehensive reviews on the reduction of iron oxide by carbon have been compiled by 
Szekely et al.[39] and Prakash[40]. A common conclusion among the majority of studies is that the rate 
of reduction of iron oxide by solid carbon is controlled by the gasification of carbon. Mantovani and 
Takano among others[41][42] 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 
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reaction is much slower than the gas/solid reaction, the global process occurs via gaseous 
intermediates such as CO(g), CO2(g), H2(g) and H2O(g). Likewise, Kashiwaya et al. [43] 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 phenomenon 
between reduction and carbon gasification. 

Reduction can start at even lower temperatures in the event of gas generation inside the solid due to 
decomposition and/or volatilization. Mookherjee et al[44] observed that the volatile matter in non-
coking coal contributed to the reduction of iron ore at temperatures over 773 K. Furthermore, Lu et 
al.[45][46] showed that volatile matter in coal contributed to the reduction of iron oxide and was 
effectively consumed in the process and direct contact of iron ore fines and coal fines increased the 
reduction rate in the prereduction stage before smelting reduction in a multi-stage reactor. 

Various studies have been found in the literature concerning gasification of carbonaceous material in 
the presence of different metal-based sorbents/catalysts, mostly at elevated pressure ~20 MPa.[47]-[49]

Results from Sato et al.[50] have shown that water contained in Ca(OH)2 molecules is sufficient to 
produce H2(g) from reaction with carbon content in samples of a vacuum reside of Arabian light crude 
oil at temperatures above 600°C and pressures 4-5 MPa. 

1.5.2 CALCIUM FERRITE FORMATION AND STABILITY 

Concerning calcium ferrite (CF) or silico-ferrites of calcium and aluminium (SFCA) formation, the 
common view is that they typically form from hematite because iron in the ferrites is ferric. CF 
formation starts at ~750°C in pure air.[51] Yang and Matthews[52] found that calcium ferrites can form 
from magnetite at low oxygen partial pressures. In this case, the mechanism for calcium ferrite 
formation is likely to be that magnetite is oxidised to a meta-stable hematite, which quickly reacts 
with calcium oxide to form calcium ferrites. Orewczyk and Jasienska[53] have found that calcium 
ferrites come from the reaction of magnetite and calcium oxide in an argon atmosphere at CaO levels 
above 3 wt%. However, calcium ferrite formation in this system can not develop well in the presence 
of silica. 

CF phases are commonly refered to as the matrix or bonding phase in fluxed sinter or fluxed iron ore 
pellets.[51] The morphology of calcium ferrite formation depends mainly on the temperature of 
reaction where four different types of ferrite can be observed depending on temperature and gas 
composition; fine acicular, long acicular, columnar, and dendritic. Acicular morphology is common in 
materials with intermediate and higher basicities heated at low tempertures. According to Pimenta and 
Seshadri,[54] disintegration of the matrix phase in sinter is connected to the reduction of hematite 
content in ferrites to magnetite. Although, additions of Al2O3 have shown to increase the thermal 
stability of matrix ferrite phases to higher temperatures. 

1.6 AIM AND SCOPE OF THIS WORK 

A sizeable amount of work has been completed towards the study of cold bonded agglomerates as 
possible revert in metallurgical processes. The work reported in literature covers a broad base of 
subjects ranging from; the strength of agglomerates at room temperature, their high temperature 
strength, reaction thermodynamics and kinetics during heating as well as the performance of cold 
bonded agglomerates as charge in iron and steelmaking processes. While there have been earlier 
studies of the strength and high temperature behavior of self-reducing metallurgical by-product 
agglomerates,[24] work is lacking on the cause-effect relationships for concurrent optimization of the 
room temperature strength and the self-reduction properties of cold bonded agglomerates based on 
varying by-product compositions. Furthermore, a better understanding of the low temperature 



bonded pellets (CBPs). Specifically, the purpose is to identify the factors that most influence the 
concurrent optimization of room temperature strength and low temperature reduction through gaseous 
intermediates. Generally, the aim of this thesis is to study the feasibility for effective recycling of 
CBPs in the integrated iron and steelmaking process. Figure 1 shows a general layout of the thesis 
topics. 

1.6.1 CHARACTERIZATION OF CBPs (Papers 1, 2, & 3) 

A material characterization was performed on a preliminary laboratory pellet blend including particle 
size distribution of pellet ingredients, chemical analysis, x-ray diffraction and scanning electron 
microscopy. Some supplementary characterization was conducted on two pellet types used in pilot 
and full-scale tests. 

1.6.2 PELLETIZING TESTS INCLUDING COLD STRENGTH AND CAPACITY (Paper 1) 

Both laboratory and pilot scale pelletizing tests were conducted to find an optimal pellet blend for 
recycling to the BOF. Lab scale tests were conducted according to a 2-level, 3-factor experimental 
design of which the aim was to find the optimal blend of 3 factors (BOF fine sludge, BF flue dust and 
oily mill scale sludge) between 2 levels (high and low) with BOF coarse sludge as filler and Portland 
cement as binder. The test evaluation criteria applied on product pellets were the tumbler handling 
strength (TTH) of CBPs, the abrasion handling strength (ATH), and the production capacity of pellets 
within the size fraction 9-12.5 mm. The strength of CBPs is the main quality index controlled in the 
iron and steel-making processes. The method of TTH/ATH determination is an international standard 
in metallurgical production and production capacity is a standard quality criteria used at SSAB Luleå, 
Sweden. 

1.6.3 LARGE-SCALE TESTS IN THE BF AND BOF (Papers 1 & 2) 

In order to study the effect of CBP recycling in iron and steel production, large-scale tests have been 
conducted. A test campaign with CBP feed has been completed in an experimental BF in order to 
investigate the limits for CBP use in the BF process. Furthermore, full-scale industrial tests have been 
completed with CBP addition to the BOF; primarily to determine suitable by-product mixes for 
recycle in the BOF process and, to a lesser extent, trigger new thinking concerning the specifications 
for use, or non-use, of certain materials as charge during BOF steelmaking. 

1.6.4 REACTIVITY OF CBP DURING HEAT TREATMENT (Paper 3) 

Dynamic solid-state high temperature tests of different pellet blends have been carried out to study 
possible reactions and mechanisms occurring upon heating. A furnace equipped for simultaneous 
thermo-gravimetric, differential thermal and quadropole mass spectrometric analysis was used to heat 
pellet samples to temperatures between 20 and 1200 C in inert atmosphere. The heat-treated samples 
were investigated using x-ray diffraction and scanning electron microscopic analysis. 

1.6.5 LOW TEMPERATURE BEHAVIOR OF THE Ca(OH)2-C-Fe2O3 SYSTEM (Papers 4 
& 5) 

Dynamic sold-state low temperature tests of different compositions of reagent grade Ca(OH)2, C, and 
Fe2O3 have been carried out to study in more detail the reaction mechanisms and kinetics of self-
reduction. A furnace equipped for simultaneous thermo-gravimetric, differential thermal and 
quadropole mass spectrometric analysis was used to heat pellet samples to temperatures between 20 
and 800 C in inert atmosphere. The heat-treated samples were investigated using x-ray diffraction and 
scanning electron microscopic analysis. Furthermore, TG results from experiments run at different 

 15



heating rates between 2 and 32°C/min have been analyzed using a kinetic evaluation software 
package to study the reaction mechanisms occurring during the dehydration of Ca(OH)2 in the 
presence of solid carbon and Fe2O3, in order to clarify their role as eventual precursors to high 
temperature reduction and strength characteristics in feedstock agglomerates of iron and steelmaking 
by-products. 
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Figure 1. Layout of thesis topics 



CHAPTER 2 

EXPERIMENTAL 

2.1 MATERIALS 

2.1.1 RAW MATERIALS FOR BOF RECYCLING 

The raw materials investigated in this thesis that are considered for BOF recycling are process by-
products from iron and steelmaking. Samples of BOF fine and coarse sludge, BF flue dust and oily 
mill scale sludge were received from SSAB Luleå. LuleFrakt AB supplied Portland cement, used as 
binder in pelletizing. All metallurgical by-products were received in large drums and were therefore 
sub-sampled, using a rotating splitter, into samples of approximately 2 kg to maintain homogeneous 
integrity of the initial samples. The 2 kg samples were later used in laboratory cold bonded pelletizing 
experiments, excluding those samples which were sub-sampled into smaller samples for particle size, 
chemical and phase analysis.  

2.1.2 RAW MATERIALS FOR BF RECYCLING 

Prefabricated CBPs having a composition similar to that of cold bonded briquettes currently recycled 
in the BF at SSAB Luleå were also investigated. This pellet blend contains BOF fine and coarse 
sludge, BF flue dust, steelworks environment filter dust and cold bonded briquette fines. Contents of 
scrap fines, present in briquettes, were excluded from the pellet blend due to particle size 
specifications. A 5 kg sample of prefabricated pellets was received from SSAB Luleå for phase and 
thermal analysis. 

2.1.3 PARTICLE SIZE DISTRIBUTION OF BY-PRODUCTS 

As seen in Figure 2, the results of particle size measurements show that the raw materials have a 
broad range of particle size distributions. The raw materials are coarser with ascending order as 
follows: Cement < BF flue dust < filter dust  < BOF fine sludge < BOF coarse sludge < briquette 
fines  < oily mill scale sludge. However, particle size distribution results can be confusing when 
considering materials for agglomeration purposes. In order to optimize agglomeration properties, the 
goal is not only to attain a high packing density of particles but also to maintain an open inner 
structure for better gas transfer within the agglomerate.  

As introduced by Forsmo et.al, the PaRMAC method for classifying particle size fractions can give 
more insightful information.[61] Empirically chosen size fractions, “sand”<”stone”<”block”, can be 
considered as the building units in an optimal agglomerate. The “sand” particles fill the holes between 
the “stone” particles, which form the basic framework in the agglomerate, and the “block” particles 
are included to initiate balling during pellet production. This method, when used on the by-product 
raw materials given in Figure 2, show that; BOF fine sludge has the largest “sand” fraction (1-10 m) 
at 5.15 wt.%, BF flue dust has the largest “stone” fraction (10-40 m) at 12.57 wt.% and oily mill 

                                                 
 Not shown in Figure 2, briquette fines d80 = 360 m, filter dust d80 = 60 m 
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scale sludge has the largest “block” fraction (40-425 m) at 81.66 wt.%. By designating the particle 
size distributions into ternary particle fractions, one can avoid oversimplifying the effect of particle 
size on agglomerate quality when using only a single descriptive particle size value such as d’ or d50.

Figure 2. Particle size distribution of by-products 

2.1.4 PARTICLE SIZE DISTRIBUTION OF CHEMICAL REAGENTS 

Figure 3 shows the particle size distribution of the reagents used in low temperature self-reduction 
studies. Two different reagent hematite powders have been used; first a reagent hematite shown in 
Figure 3 which has been designated as “micro-sized” and a second designated as “nano-sized” 
hematite. The nano-sized reagent has an average particle diameter of 30 nm which was verified with 
microscopic observation. 
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2.1.5 CHEMICAL ANALYSIS OF RAW PELLET MATERIALS 

The chemical analysis for raw materials considered for BOF recycling is given in Table 1. These 
analyses differ for certain raw materials, specifically BF flue dust and BOF coarse sludge 
compositions, to those considered for BF recycling given in Table 2. The reason for this is that the 
CBPs produced for testing in the BF process were produced before BF #1 and #2 were 
decommissioned and replaced by BF #3 in the summer of 2000. With the new BF, hot metal 
production increased and an improved gas cleaning system increased dry dust recovery thereby 
changing the composition of BF flue dust. The composition of the coarse fraction of BOF sludge 
normally varies substantially over time due to changes in BOF operation. 

The large difference in BOF coarse compositions given in Tables 2 and 3 do occur but the assay in 
Table 1 reflects the composition that is more common. As shown in Table 1 and Table 2, the sludge 
and dusts are primarily composed of iron oxide (20-75 wt%) with smaller fractions of major 
components CaO, MgO, SiO2, Al2O3 and C. The chemical compositions of the by-products do not 
vary substantially between sampling periods, except for BF dust and LD coarse sludge. 

Table 1. Chemical compositions of raw 
materials for recycle in BOF in wt% 

Table 2. Chemical compositions of raw 
materials for recycle in BF in wt% 
BOF
fine

BOF
coarse

Filter
dust 

BF-1 
flue

BF-2 
flue

Briq.
fines

Fetot 53.7 74.4 65.8 30.8 35.6 39.3
CaO 13.9 9.62 0.56 6.54 6.52 16.6
SiO2 1.04 1.97 1.65 4.12 4.39 6.44
MnO 0.97 0.94 0.26 0.74 0.59 0.97
P2O5 0.07 0.14 0.05 0.04 0.05 0.11
Al2O3 0.10 0.15 0.39 1.54 1.55 1.96
MgO 3.35 3.19 1.16 1.34 1.72 3.27
K2O 0.05 0.04 0.31 0.03 0.04 0.10
TiO2 0.09 0.31 0.23 0.20 0.29 0.49
Cr2O3 0.06 0.08 0.19 0.03 0.05 0.11

C 1.64 1.01 0.55 35.3 30.6 11.7

2.1.6 XRD ANALYSIS OF RAW PELLET MATERIALS 

XRD analysis was performed on the by-product raw materials used in the BOF cold bonded pellet 
blend. The major and minor phases present in the different by-products are listed in Table 3. The 
mineralogy between the different by-products varies mainly in the contents of metallic iron, iron 
oxide, carbonates and hydrates. 

Table 3. XRD results for raw material by-products 
By-products Major phases Minor phases 

BOF fine sludge Femet > FeO > CaCO3  Fe3O4 > Ca(OH)2

BOF coarse sludge Ca(OH)2 > CaCO3 > Femet Fe3O4 > FeO > Mg(OH)2

BF flue dust Fe2O3 > Fe3O4 > CaCO3 C > SiO2

Oily millscale sludge Fe3O4 > FeO > Fe2O3 Ca(OH)2 > CaSiO3

BOF
fine

BOF
coarse

BF-3
flue

Oily
mill Cement

Fetot 57.44 46.74 20.55 58.19 2.4 
CaO 13.37 17.41 5.16 4.67 62 
SiO2 0.91 1.38 4.98 6.47 20 
MnO 0.93 0.67 0.62 0.84 - 
P2O5 0.13 0.14 0.07 0.13 - 
Al2O3 0.1 0.2 1.93 1.15 4.4 
MgO 3.1 3.71 1.06 0.21 3.5 
Na2O 0.03 - 0.05 0.81 - 
K2O 0.04 0.04 0.06 0.18 1.4 

V2O5 0.31 0.62 0.17 0.07 - 
TiO2 0.07 0.22 0.21 0.06 - 

Cr2O3 0.07 0.06 0.03 - - 
C 1.47 1.33 54.3 4.59 - 
S 0.07 0.07 0.38 0.11 1 

Zn 0.11 0.05 0.23 0.03 - 
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2.2 EXPERIMENTAL DESIGN 

2.2.1 FACTORIAL DESIGN FOR BOF PELLET 

A statistical design was used for BOF cold bonded pelletizing experiments. Figure 4 shows the design 
region for an experiment aimed at studying the effect of pellet blend on TTH and capacity responses. 
A full factorial design with two levels was used consisting of tests, L1 to L11. The three factors used 
in the design are: A) BOF fine sludge with levels, high (40 wt%) and low (20 wt%); B) BF flue dust 
with levels, high (30 wt%) and low (20 wt%); and C) oily mill scale sludge with levels, high (20 
wt%) and low (10 wt%). These factors as well as a filler material (BOF coarse sludge) and a constant 
binder additive (10 wt% cement) comprise the 20 kg batches for each test. One central point test with 
two replicates is also included. 
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Figure 4. Design region BOF pellet 

2.2.2 FACTORIAL DESIGN FOR BF PELLET 

Design planning for BF cold bonded pelletizing experiments was conducted at SSAB Luleå. Figure 5 
shows the design region for an experiment aimed at studying the effect of pellet blend on TTH and 
capacity responses. A full factorial design with two levels was used consisting of tests, B1 to B9. The 
three factors used in the design are: A) BOF fine sludge with levels, high (20 wt%) and low (0 wt%); 
B) BF flue dust with levels, high (30 wt%) and low (20 wt%); and C) Briquette fines with levels, high 
(10 wt%) and low (0 wt%). These factors as well as a filler material (BOF coarse sludge and 
steelworks environment filter dust) and a constant binder addition (10 wt% cement) comprise the 20 
kg batches for each test. One central point test is also included. 
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Figure 5. Design region BF pellet 



2.3 EXPERIMENTAL PROCEDURE 

2.3.1 LABORATORY PELLETIZING TESTS 

A 20-kg sample that consisted of the by-products of interest and cement binder was mixed in a drum 
mixer for 4 minutes and then the blend was emptied into a container and was mixed further with 12.5-
13.5% water for another 2 minutes. Next, the sample was left to hydrate for 20 minutes. After 
hydrating, the sample was fed into a disc pelletizer run with a rotating speed of 18 rpm at an angle of 
45°. The sample was left to rotate in the pelletizer for 20 minutes, initially spraying small amounts of 
water on to the sample to stimulate ball formation. Different pelletizing time intervals and other 
pelletizing parameters were optimized and the results are reported in Paper 1. The newly balled pellets 
were spread out onto the floor and left to attain green strength for 1 hour and then were loaded into 
bins and cured for an additional 24 hours before sieving. The weight percent of total pellets mass 
within the size fraction of 9-12.5 mm was recorded as the capacity of the batch and that size fraction 
was subsequently used in the TTH test evaluation. 

2.3.2 TTH TESTS 

The test evaluation criteria, for cold strength, applied to the different pellet batches were the tumbler 
handling strength of CBPs (TTH) and the abrasion handling strength (ATH). The TTH determination 
is an international standard method in metallurgical production, ISO 3271, and these tests were 
carried out at LKAB. The TTH apparatus is a 100 cm wide cylindrical drum that, loaded with 3 kg of 
pellets sample, is rotated at a standardized speed and time. The pellets and fines are captured after 
tumbling and then sieved to fractions of +6 mm and –0.5 mm. The wt% of the +6 mm fraction is 
recorded as the TTH value and the –0.5 mm fraction as the ATH value. TTH tests conducted on pellet 
samples L1-L11 had a precision (defined as 2 of ± 3.2 wt%. 

2.3.3 THERMAL ANALYSIS 

A Netzsch STA 409 instrument equipped with simultaneous thermo-gravimetric (TG), differential 
thermal analysis (DTA) and a supplemental quadropole mass spectrometer (QMS) was used to study 
the high temperature properties of lab pellets; L1-L11, made for use in the BOF, and B4, made for use 
in the BF. The test conditions used in all tests were identical. Between 80-100 mg of sample were 
placed into an alumina crucible and heated from 20 C to 1200 C at a temperature rate of 10 C/min in 
Ar(g) with a constant flow rate of 200 ml/min. Additional independent TG tests were conducted on 
samples of lab pellet B4 using between 2 and 2.5 g for each test heated to different temperatures and 
then held isothermally for 1 hour. The precision of TG data for tests L1-L11 was ± 2.03 wt% and for 
test B4 was ± 1.95 wt%. A schematic diagram of the thermal analysis instrument is given in Figure 6. 
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Figure 6. Schematic of the Netzsch STA 409 instrument used in experiments 

A Setaram Setsys Evolution instrument equipped with simultaneous TG/DTA/QMS analysis was 
used in thermal analysis studies of reagent materials. The sensitivity of the TG balance is ± 0.3 g. 
Two types of tests were performed on the samples. First, in order to find an optimal composition, 
dynamic TG/DTA/QMS tests were conducted on samples heated from 20°C to 800°C at 10°C/min in 
helium with a constant flow rate of 60 ml/min. Second, in order to investigate the kinetic effect of 
heating rate, three different heating rates have been used; 2, 10, and 32°C/min.Cylindrical -Al2O3 
crucibles with a diameter of 4 mm and a capacity of 100 l were used in these tests. 

2.3.4 SIMULATED BF TESTS 

Lab scale BF simulation tests were conducted on the CBP blend B4 at LKAB. A BF simulation 
experiment called TRTMAS that LKAB normally uses on its olivine pellets was used to test a sample 
of CBPs.  

The test is divided into three temperature zones where the gas composition, a mixture of CO, CO2, H2, 
and N2, and applied force to the sample are varied from zone to zone in an effort to simulate BF 
conditions. Figure 7 shows an example of the test conditions and Figure 8 shows a schematic of the 
BF simulation furnace. 
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Figure 7. Temperature and gas profile for TRTMAS experiments 
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Figure 8. Schematic of the TRTMAS instrument at LKAB 

2.3.5 ISOTHERMAL REDUCTION TESTS 

Three different isothermal reduction lab scale tests were conducted on the cold bonded pellet blend 
B4 at LKAB. A low temperature isothermal reduction test, LTB test ISO 13930, was run at 500 C for 
60 minutes with a gas flow of 20 Nl/min (20% CO, 20% CO2, 2% H2, 58% N2). Two high 
temperature isothermal reduction tests were also conducted on the pellets: ISO 4695 was run at 950 C
for 109 minutes with a gas flow of 50 Nl/min (40% CO, 60% N2) and ISO 7992 was run at 1050 C
for 65 minutes with a gas flow of 83 Nl/min (40% CO, 2% H2, 58% N2). 

2.3.6 SOFTENING AND MELTING TESTS 

Experiments for evaluating softening and melting properties were conducted on mixed samples of 
LKAB’s olivine iron ore pellets, MPBO, and CBPs, blend B4, using another BF simulation type test 
developed at MEFOS.[62] The pellets samples, pre-reduced to 30% reduction degree, were placed 
between coke layers inside a graphite crucible with applied load and heated in a reducing environment 
until the height of the sample had stopped decreasing. During the test several types of data were 
logged including; temperature, shrinkage of the sample bed and the pressure drop over the sample 
bed.

2.3.7 CHEMICAL ANALYSIS 

SSAB Luleå provided the chemical analysis of all the by-product sample materials. The techniques 
that were used are X-ray fluorescence and LECO combustion analysis. The raw materials used in the 
low temperature self-reduction study are all laboratory grade reagents. Calcium hydroxide, 99.8% 
pure powder, was supplied from Riedel-deHaen; Graphite, 99% pure and -300 mesh, was supplied 
from Alfa Aesar; micro-sized Hematite, 99.8% (metals basis) pure and -325 mesh powder, was 
supplied from Alfa Aesar and a nano-sized Hematite, 99.999% pure powder, was supplied from 
Aldrich. 



2.3.8 PARTICLE SIZE ANALYSIS 

Samples of roughly 100 mg each of the raw materials used in the production of CBPs batches L1-L11 
were dry-sieved to various size fractions using a set of U.S. Standard Sieves conforming to ASTM 
standards with a precision of ± 2.61 wt%. The -75 m size fractions remaining after dry sieving were 
further analyzed using a CILAS particle size analyzer with a precision of ± 0.21 vol%. The values d´ 
(d63.2%) and d50 have been used as quantitative measures of particle size distribution in multivariate 
analysis of results The particle size of reagent grade samples of graphite, hematite, and calcium 
hydroxide (in alcohol) were analyzed using CILAS as well. Micro briquettes were prepared from the 
reagent powder mixtures in a hand press, 1.5N/mm2, resulting in cylinders having average dimensions 
of 3mm  x 3mm H and sample weights of 15.7  2.3 mg (micro-sized hematite) and 18  1 mg 
(nano-sized hematitie). 

2.3.9 X-RAY DIFFRACTION ANALYSIS 

Samples have been analyzed using a Siemens D5000 X-ray powder diffractometer using Ni filtered 
Cu K  radiation at 40 kV and 50 mA. 

2.3.10 SCANNING ELECTRON MICROSCOPIC (SEM) EXAMINATION 

Unpolished and polished samples were fixed on aluminium mounts and coated with a thin layer of 
gold-palladium alloy using a Bal-tec MCS 010 sputter coater. The coated specimens were then 
examined with a Philips XL 30 scanning electron microscope equipped with energy dispersive spectra 
(EDS) analysis. 

2.3.11 INDUSTRIAL TESTS IN THE BOF 

Industrial tests on charging CBPs in the BOF were carried out at the No. 2 BOF (114 tons) at SSAB 
Luleå, November 2001. Two reference tests, without CBPs, and eight sample tests, with CBPs, were 
conducted. The charging weight of CBPs varied from 0.5 to 2.5 tons. Scrap, desulphurized hot metal 
and CBPs were added to the BOF respectively. During blowing, slurry samples of generated dust 
were taken from a rake classifier with a sampling time of roughly 15 minutes. Steel product and slag 
samples were taken during each tapping. 

2.3.12 PILOT SCALE TEST IN THE EXPERIMENTAL BLAST FURNACE (EBF) 

Pilot scale tests with CBPs as part of the burden material in the BF process were carried out at the 
EBF owned by LKAB and located at MEFOS in Luleå. The test campaign included 2 reference 
periods, without CBPs, and 3 testing periods, with increasing CBP burden content: test period 1 (150 
kg pellets/THM), test period 2 (300 kg pellets/THM), test period 3 (350 kg pellets/THM). A 
simplified layout of the EBF is shown in Figure 9. It has a working volume of 8.2 m3 and a hearth 
diameter of 1.2 m. There are three tuyeres placed at 120° intervals. The blast is normally preheated to 
1200°C in a new type of pebble heater. The EBF is equipped with a bell-type top. A moveable armor 
is used for the burden distribution control. Probes for temperature measurements, gas analysis and 
solid sampling over the blast furnace diameter are installed at three different levels. Process data are 
logged continuously and stored in a database where reports and trend charts are generated as well as 
process calculations are carried out. The EBF is a very sensitive tool for detecting differences in 
properties of different ferrous burdens. The response time is much shorter for the EBF compared to a 
commercial furnace. 
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Figure 9. Schematic of LKAB’s EBF and periphery equipment 

2.4 KINETIC ANALYSIS 

2.4.1 FRIEDMAN & REGRESSION ANALYSIS 

TG results from experiments with reagent mixes have been analyzed using the Netzsch Thermokinetic 
software package [55]. In the kinetic analysis, experimental TG results have been expressed as reaction 
extent ,  

)/()( fii WWWW  (3) 

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

A multi-curve method has been applied to the non-isothermal 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. (4): 

RTEfAdtd //ln/ln  (4) 

The software provides values for the activation energy, E, and the logarithm of the pre-exponential 
factor, log 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 
systems; Ca(OH)2, Ca(OH)2-C, Ca(OH)2-Fe2O3, and Ca(OH)2-C-Fe2O3 within the temperature range 
of 300-800°C. The kinetic models appearing in this study are summarized in Table 4. 
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Table 4. Kinetic models used in the rate equation, d /dt = -Aexp(-Ea/RT)f( )
Code g( )* f( )* Kinetic model type 

Fn (1/(1- )n-1)-1 (1- )n nth-order 
R2 1-(1- )1/2 2(1- )1/2 Two-dimensional phase boundary 
R3 1-(1- )1/3 3(1- )2/3 Three-dimensional phase boundary 
B1 ln( /(1- ))+c (1- Prout-Tompkins autocatalysis 
An (-ln(1- ))1/n n(1- [-ln(1- )](n-1)/n Avrami-Erofeev n-dimensional nucleation/growth 
D1 2 1/2 1D-diffusion 
D2 ln(1- ) -1/ln(1- ) 2D-diffusion 
D3 [1-(1- )1/3]2 [3(1- )2/3]/[2[1-(1- )1/3]] 3D-diffusion 

*g( ) is the integral form of the reaction mechanism function, f( ) is the derivative form

A short summary of the physical meaning of each model in Table 4 is given below:[56]

Order based (Fn) models
These are the simplest type of models because of their simularity to homogenous kinetic models. 
Accordingly, in these models the reaction rate is proportional to the amount or fraction remaining of 
reactant(s) raised to a particular power which is the reaction order. 

Shrinking geometry (R2&R3) models
These models make the assumption that product nucleation occurs rapidly on the surface of the 
reactant crystal. The rate of reaction is then controlled by the resulting reaction interface progress 
toward the center of the crystal. If a solid particle is assumed to have cylindrical or spherical/cubical 
shapes the shrinking area (R2) or shrinking core (R3) models, can be derived. 

Autocatalysis (B1) models
Autocatalysis is said to occur in solid-state kinetics if the growth of product nuclei promotes 
continued reaction because of the formation of imperfections such as dislocations or cracks at the 
reaction interface (i.e., branching). 

Nucleation/growth (An) models
Because crystals have fluctuating local energies from imperfections due to impurities, surfaces, edges, 
dislocations, cracks, and point defects, nucleation can occur at these points of minimized energy. 
Nucleation is the formation of a new product phase at these extra reactive points in the lattice of the 
reactant. These nuclei then grow, or are ingested back into the reactant, at a rate dependent on the 
radius needed (crititcal radius) for continued nucleus growth.  

Diffusion (D1, D2, D3) models
In diffusion-controlled reactions, the rate of product formation decreases proportionally with the 
thickness of the product barrier layer. The simplest model is for an infinite flat plane (D1). If rectant 
particles are assumed to be cylindrical, and diffusion occurs radially through a cylindrical shell with 
an increasing reaction zone, a two-dimensional diffusion (D2) model can be derived. A three-
dimensional diffusion (D3) model is based on the assumption of spherical solid particles. 

2.4.2 MASTER PLOT, Z( ), ANALYSIS 

In order to more closely evaluate the possible kinetic models that best describe the transformations 
occurring in thermal analysis samples, a “master plot” can be constructed to compare theoretical 
curves with the current experimental curves. This method allows the user to discern the predominant 
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 in this thesis 
is based on the following function:[57]-[59]

 

TxdtdZ )(/)(  (5) 

 
by substituting the derivative and integral form of the Arrhenius rate equation into Eq. (5), 
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where x = E/RT,  = dT/dt and the fourth-degree rational approximation of the temperature integral 
taken from Senum and Yang:[60]
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we arrive at the expression, 
 

)()()( gfZ  (9) 
 
As seen in Figure 10, the theoretical values of Z( ) for the most common kinetic models have been 
plotted against  using Eq. (9) and expressions for f( ) and g( ) from Table 4. Experimental values 
of Z( ) can be plotted using Eq. (5) and Eq. (8). 

 
Figure 10. Z( ) master curves for theoretical kinetic models 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 CBP OPTIMIZATION AND LARGE SCALE TESTING 

3.1.1 TTH AND CAPACITY RESULTS  

Cold strength of agglomerates is an important aspect of agglomerate quality. When recycling 
agglomerates at various unit processes within an integrated iron and steelmaking plant they must have 
sufficient cold strength to withstand the physical stresses of transportation, loading, unloading and 
charging. In order to insure sufficient cold strength, the CBPs in this study were tested using the 
standardized TTH method. TTH tests were conducted on the 9-12mm size fraction of produced 
pellets, which is the typical fraction used for iron ore pellet testing. In this study, the wt. fraction of 
product pellets with sizes between 9 and 12mm is reported as the capacity for each specific pellet 
composition. 

CBPs FOR THE BOF

Table 5 shows the sieving results from pelletizing tests, L1 to L11. Tests L1 and L6 had the lowest 
capacity while tests L8 and L4 had the highest capacity values. Test L1 has a large +16 mm pellet 
fraction indicating an excess addition of water to the pelletizing mix causing premature grain 
formation. Test L6 has a large -9 mm pellet fraction indicating a lack of sufficient grain formation. 
Tests L8 and L4 have pellet sizes that are more evenly distributed in the high and low sizes with a 
peak fraction between 9 and 12.5 mm. 

Table 5. Pellet size distribution for tests L1-L11 wt% 
Test No. +16mm +12.5 -16mm +9 -12.5mm +5 -9mm +2 -5mm -2mm 

L1 79.35 7.82 5.89 3.69 1.32 1.93 
L2 20.55 8.87 22.49 40.76 3.12 4.22 
L3 8.53 5.06 16.62 53.68 12.09 4.02 
L4 13.32 14.36 44.84 23.40 1.89 2.19 
L5 11.39 6.77 33.72 43.69 1.92 2.50 
L6 7.59 4.33 15.05 41.92 26.61 4.50 
L7 38.98 19.14 31.53 6.11 2.13 2.11 
L8 15.21 11.18 50.76 18.56 2.15 2.14 
L9 21.45 13.09 41.81 19.41 2.38 1.86 

L10 9.41 4.22 18.94 53.03 11.80 2.61 
L11 12.78 11.28 41.22 31.98 1.56 1.18 

 

The differences in pellet size distribution from test to test arise from raw material and pelletizing 
process characteristics and largely, water addition. Water was added to the pellet mixes in two stages; 
a primary addition that was identical for tests L1-L11 and a secondary addition that was sprayed onto 
the pellet mix while rotating in the pelletizing disc. The secondary water addition was used to help 
initiate ball formation and was not measured in amount and therefore could have lead to excess water 
addition. Table 6 gives TTH and capacity results from the factorial designed tests conducted to find an 
optimal pellet recipe for recycling in the BOF. Pellet test L9 gave the best TTH value at 97.6% and 
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L6 had the lowest at 88.3%. Generally, those pellet tests which contained a high level of oily mill 
scale sludge had lower TTH and capacity values. Pellet blend L9 had the largest TTH value and a 
good capacity value compared to the other blends. Therefore, pellet blend L9 was chosen as the 
optimal blend to use for further pelletizing tests in pilot scale. TTH and capacity results from tests L1-
L11 are examined more closely in section 3.3. 

Table 6. TTH and capacity results for BOF pellet tests 
Test 
No. Level 

 
Cap 

wt% 
TTH 

 
ATH 

L1 A1B1C2 5.9 88.9 9.6 
L2 A2B2C1 22.5 96.3 2.8 
L3 ABC(1.5) 16.6 93.1 5.3 
L4 A1B2C2 44.8 96.3 3.0 
L5 ABC(1.5) 33.7 95.4 3.6 
L6 A2B2C2 15.1 88.3 9.0 
L7 A1B2C1 31.5 97.2 2.3 
L8 ABC(1.5) 50.7 97.1 2.1 
L9 A2B1C1 41.8 97.6 1.9 
L10 A2B1C2 18.9 90.1 8.1 
L11 A1B1C1 41.2 92.2 6.1 

 29.3 93.9 4.9 
 14.4 3.5 2.9 

 

CBPs FOR THE BF

The BF pellet design and testing was conducted at SSAB Luleå. Table 7 shows TTH and capacity 
results from the factorial designed tests conducted to find an optimal pellet recipe for recycling in the 
BF. Test B4 had the highest TTH value, 94.4%, and capacity, 55.7%, of the nine tests. Therefore, 
pellet blend B4 was chosen as the optimal blend for further pelletizing tests in pilot scale. 

Table 7. TTH and capacity results for BF pellet tests 
Test 
No. Level 

wt% 
Cap         TTH 

B1 A1B1C1 51.7 66.9 
B2 A2B1C1 28.0 60.3 
B3 A1B2C1 18.6 53.3 
B4 A2B2C1 55.7 94.4 
B5 A1B1C2 23.2 75.2 
B6 A2B1C2 40.7 44.8 
B7 A1B2C2 26.8 41.2 
B8 A2B2C2 20.8 41.0 
B9 ABC(1.5) 48.0 55.0 

 34.8 59.1 
 14.3 17.6 

 

PILOT SCALE PELLETIZING

Pilot scale pelletizing tests were conducted using optimized pellets blends intended for use in the BF 
and BOF. These tests were carried out in 2000 and 2001 at LuleFrakt Brikett AB. After material 
mixing, the pellet mass was fed by transport band to a disc pelletizer, and then the produced pellets 
were sent to a rolling screen. The pellets with particle size greater than 10 mm were sent to a 
container by tractor. The pellets with particle size less than 10 mm were sent back to the disc 
pelletizer by transport band.  
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A BF pellet blend based on lab test B4 was used in pilot scale pelletizing tests, BF803 to BF822. The 
TTH value of BF pellets was more than 95% after 24 hrs, and the capacity was 9.7 tons/hr. A total 
amount of 43 tons of BF pellets were produced, however, only a portion of these were used in pilot 
scale tests of CBPs as burden material in the EBF. 

BOF pellet blends based on lab test L9, BOF-R1 (with BF flue dust) and BOF-R2 (no BF flue dust), 
were used in pilot scale pelletizing tests. The TTH values for both tests were more than 94% after 24 
hours, while the capacity of pellets was 13 tons/hr. Table 8 shows the chemical analysis from pilot 
scale tests for BF and BOF pellets. During these pilot scale tests, an amount of 74 tons of BOF pellets 
were produced. 

Table 8. Chemical analysis from pilot scale pellets in wt% 
Test blend Fetot CaO SiO2 MnO P2O5 Al2O3 MgO Zn S 

BF mean 41.4 17.6 5.56 0.88 0.08 1.30 3.34 0.10 0.33 

BOF-R1 41.3 17.5 5.52 0.73 0.11 1.47 3.45 0.10 0.12 

BOF-R2 49.2 19.1 4.44 0.73 0.12 0.98 3.57 0.07 0.06 
 

3.1.2 THERMAL ANALYSIS RESULTS 

The behavior of cold bonded agglomerates during heating is an important aspect of agglomerate 
quality as well. Merits such as self-reducing and/or self-fluxing behavior can be critical for process 
application of cold bonded agglomerates. For example, a decrease in fuel consumption when using 
agglomerate burden in the BF and a decrease in cooling effect of agglomerate charge in the BOF. To 
help characterize the behavior that CBPs display during heating, TG/DTA/QMS experiments have 
been completed on pellet blends L1-L11 and B4. 

BOF PELLET BLENDS L1-L11

Micro pellet samples from the –5 mm pellets size fraction produced from experimental pelletizing 
tests, L1-L11, were tested. Figure 11 shows the thermal analysis result from tests with pellet blend L9 
and is representative of the results for the other 10 tests. 

Absorbed moisture evaporation occurs in the range of roughly 40-140°C with 6.8% wt. loss indicated 
by the TG curves, accompanied by H2O generation detected with QMS and a broad endothermic peak 
in the DTA curve. At temperatures between 230 and 480°C, chemically bound water is released 
slightly from the metallurgical by-products and largely from hydrated lime in cement with 4.9% wt. 
loss accompanied by endothermic peaks in the DTA curve. H2 gas is detected in the range of roughly 
320-600°C indicating possible cracking of H2O generated from dehydroxylation or the steam-carbon 
reaction of H2O with solid carbon in the sample. 
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Figure 11. STA results for pellet L9 

In the temperature range of 500-730°C there occur three thermal effects in the sample totalling 2.8% 
wt. loss. CO gas evolves during this temperature range coinciding with an endothermic effect at 
500°C in DDTA results, indicating possible local carbon gasification via the steam-carbon reaction. 
Following CO generation, possible low temperature reduction of iron oxides occurs coinciding with 
an exothermic peak at roughly 565°C and CO2 generation. Next, a premature decomposition of 
carbonates in the sample possibly occurs coinciding with an endothermic peak in the DTA curve at 
roughly 700°C and CO2 evolution. Above 740°C, a transition occurs with 16.9% total wt. loss. In the 
range of approximately 740-900°C, CO is generated from possible direct reduction of iron oxides by 
solid carbon in the sample accompanied by a minor endothermic trend in the DTA curve. In the 
temperature range of 900-1200 C, possible direct reduction becomes more spontaneous signified by a 
small endothermic effect at 930°C in DDTA results. CO generated from direct reduction can take part 
in further reduction reactions coupled with carbon gasification indicated by a large endothermic peak 
at 1070°C in the DTA curve and a large CO:CO2 ratio. The weight losses resulting from each 
transition in STA experiments L1-L11 are given in Table 9. 

The first temperature transition (40-140°C) and the fourth temperature transition (740-1200°C) in the 
thermal analysis of pellet blends L1-L11 show the largest variation of weight loss according to 
standard deviation values in Table 9. During the first transition, the content of free moisture can be 
partly dependent on BOF fine sludge content due to its larger “sand” fraction than the other by-
products in the pellet blend. Particles in the “sand” fraction show near colloidal behavior having a 
relatively large surface to volume ratio thereby promoting water adsorption. But more likely, it is the 
fact that moisture content is a difficult parameter to control in pellet production because considerable 
experience is required to optimize the moisture content for even a single raw material. During the 
fourth transition, the contents of iron oxides and carbon vary considerably between the pellet blends 
thereby varying the weight loss due to reduction and carbon gasification between blends. 
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Table 9. Weight loss in % from STA experiments L1-L11 
Temperature transition L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 

40-140°C 3.23 5.66 5.5 5.87 5.79 2.36 3.74 5.09 6.79 6.11 1.68 4.71 1.68

230-480°C. 4.05 3.62 3.95 3.19 3.22 4.18 4.39 4.10 4.90 4.33 3.27 3.93 0.55

500-730°C 2.70 2.93 2.88 2.68 2.70 3.52 3.23 2.61 2.84 2.76 2.69 2.87 0.28

740-1200°C 16.72 17.86 18.18 17.54 16.76 22.33 21.13 17.39 16.95 19.54 15.35 18.16 2.06

total 26.70 30.07 30.51 29.28 28.47 32.39 32.49 29.19 31.48 32.74 22.99 29.66 2.90

BF PELLET BLEND B4

Samples of B4 pellets ground to -75 m and weighing roughly 70 mg were tested using STA. Figure 
12 shows the thermal analysis results from a sample of B4 which are similar to pellet sample L9 and 
correspond with the literature when compared to results from Mikhail and Turcotte [63].
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Figure 12. STA results for pellet B4 

Absorbed moisture is detected in the temperature range 40-200°C with 1.6% wt. loss and a broad 
endothermic peak in the DTA curve. At temperatures between 200 and 460°C, chemically bonded 
water is released with 2.5% wt. loss accompanied by small endothermic effects in DDTA results and 
H2O generation. H2 is detected in the temperature range of 300-600°C indicating possible cracking of 
H2O or the steam-carbon reaction of H2O with solid carbon in the sample. The observation of CO2
evolution and 1.7% wt. loss between 450 and 600°C, leads to the possible assumption that some 
carbon gasification, has occurred resulting in the low temperature reduction of some iron oxides in 
this temperature range. Here, CO2 generation occurs at a lower temperature when compared to results 
from pellet sample L9 in Figure 10. This result can be attributed to better reaction kinetics during tests 



with pellet sample B4 because the sample has been ground to –75 m having more surface area than 
the micro pellet L9. A premature decomposition of carbonates can occur in the temperature range of 
615-685°C with 2.3% wt. loss coinciding with a small endothermic peak in the DTA curve and CO2 
evolution. In the temperature range of 700-800°C, the CO2 released from carbonate decomposition 
can possibly react further with solid carbon in the sample producing CO accompanied by an 
endothermic peak in the DTA curve and ca 4% wt. loss. 

Above 800°C, a transition occurs with 16% total wt. loss. In the range of approximately 900-1000°C, 
CO is produced coinciding with an endothermic peak in the DTA curve. This can possibly be 
attributed to solid carbon taking part in direct reduction of iron oxides within the sample. In the 
temperature range of 1000-1200°C, the CO generated from reduction can take part in further iron 
oxide reduction coupled with carbon gasification signified by a large endothermic peak in the DTA 
curve and a large CO:CO2 ratio. 

3.1.3 MULTIVARIATE ANALYSIS OF PELLET BLENDS L1-L11  

The benefit of a designed experiment lies in the option to evaluate experimental variables and 
responses and even to add new variables and responses with good statistical confidence. Preliminary 
results from the 23 factorial pellet design tests, L1-L11, are given in Paper 1. A more extensive 
treatment of experimental data from pellet tests L1-L11 has been done here to investigate how 
variations in raw material properties and production parameters affect both the cold strength and self-
reduction degree of the different pellet blends. Calculations of reduction degree and carbon utilization 
for pellet tests L1-L11 were completed using results from chemical analysis, TG/DTA analysis and 
gas analysis (intensities ICO and ICO2 given in Table 10) in equations 10-14: 
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Where mtotal,red is the total change in mass from TG data in the temperature transition 740-1200°C, 
Mx is the molecular weight of x, Iy is the maximum intensity of gas y from QMS data in the 
temperature transition 740-1200°C. 

OHcarbonatesCOOxidesFeinitialO mmmmm
tot 22 ,, 100  (11) 

Where mFetot is the initial wt% of total Fe from chemical analysis, mOxides is the initial wt% of oxides 
other than iron oxide from chemical analysis, mCO2,carbonates is the initial wt% of CO2 from TG data in 
the temperature transition 500-730°C, mH2O is the initial wt% of H2O from TG data in the temperature 
transition 40-480°C. 
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Where reduction % is the reduction degree, mO,red is the change in mass due to oxygen removal from 
iron oxide, mO,initial is the initial mass of oxygen bound to iron. 
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Where mC,red is the change in mass due to solid carbon removal and mC,intial is the initial wt% of solid 
carbon from chemical analysis. 

Table 10. CO and CO2 maximum intensities (A) during the temperature interval 740-1200°C 
Test No. ICO*10-9 ICO2*10-9 ICO/(ICO+ICO2) ICO2/(ICO+ICO2) 

L1 6.41 1.48 0.81 0.19 
L2 9.35 2.99 0.76 0.24 
L3 7.87 1.57 0.83 0.17 
L4 8.90 1.81 0.83 0.17 
L5 8.54 1.70 0.83 0.17 
L6 4.30 0.89 0.83 0.17 
L7 9.08 2.49 0.79 0.21 
L8 8.99 1.87 0.83 0.17 
L9 1.90 0.31 0.86 0.14 
L10 8.21 1.76 0.82 0.18 
L11 7.02 1.35 0.84 0.16 

7.32 1.66 0.82 0.18 
2.33 0.71 0.03 0.03 

 

Some assumptions were made in order to simplify the calculation of reduction degree and carbon 
utilization. The vaporization and dehydration of H2O is considered the only cause for weight loss 
during the temperature transition 40-480°C; CO2 generation from the decomposition of carbonates is 
the single cause for weight loss during the temperature transition 500-730°C; and CO/CO2 generation 
is exclusive to iron oxide reduction and carbon gasification during the temperature transition 740-
1200°C. 

Several model configurations have been analyzed, some with a single response; i.e. Reduction 
Degree, TTH, ATH, Capacity and Carbon Utilization, and some with multiple response combinations, 
i.e. Reduction Degree + TTH, have been analyzed. The Reduction Degree model, discussed in detail 
here, shows good fit to observed responses and has a relatively normal distribution of errors. A brief 
comparison to other models is made here as well. 

REDUCTION DEGREE MODEL

The Reduction Degree model variables and statistics are given in Table 11. This model shows good fit 
to the observed variance, R2Y of 0.95, and predicted variance, Q2 of 0.85. Figure 13 shows the 
cumulative model overview and consists of two significant principal components of which the first 
component creates the majority of fit in the model. 
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Table 11. Variable statistics for the Reduction Grade model 
#) Variable (%) 
Y) Response Min Max Min/Max Mean Median StdDev Skewness
1) LD-fine 0.20 0.40 0.50 0.30 0.30 0.09 -3.05E-07 
2) MillScale 0.10 0.20 0.50 0.15 0.15 0.04 -3.05E-07 
3) BF-dust 0.20 0.30 0.67 0.25 0.25 0.04 6.11E-07 
4) LD-coarse 0.00 0.40 0.00 0.20 0.20 0.11 4.16E-08 
5) Moisture 1.68 6.79 0.25 4.71 5.50 1.68 -0.75 
6) Hydrates 3.19 4.90 0.65 3.93 4.05 0.55 0.03 
Y) Red. Degree 52.41 100.20 0.52 70.40 68.66 13.09 1.14 
28) d50 ( m) 149.90 160.50 0.93 155.20 155.20 4.20 3.33E-06 
29) sand 6.69 7.48 0.90 7.09 7.09 0.22 -1.26E-06 
30) stone 10.41 12.03 0.87 11.22 11.22 0.45 -3.26E-06 
31) block 65.83 68.54 0.96 67.18 67.18 1.02 0.00 
32) d' ( m) 195.40 225.10 0.87 209.10 208.80 8.32 0.32 

 
Figure 13. R2Y and Q2 for Reduction Degree model 

The left side of Figure 14 shows the loadings plot with expanded variables, cross terms and square 
terms (i.e. C1x32, S6x6), included with normal design variable and responses. The number 
corresponding to each variable is shown in Table 11. 

Loading plots describe the influence of X-variables on Y-variables and partly the correlation between 
all variables. Considering the significance of the two principal components in Figure 13, values 
projected on the first component (x-axis) have the greatest significance. Therefore, design variable LD
coarse % has the greatest negative influence and design variable BF dust % has the greatest positive 
influence on Reduction Degree. Furthermore, the cross term Moisture % X Stone (C5x30) has the 
greatest negative influence and the cross term LD coarse % X Moisture % (C4x5) has the greatest 
positive influence on Reduction Degree 
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Figure 14. Left, loadings plot; Right, VIP plot 

The significance of these variables can be seen more clearly in the right side of Figure 14, where all 
variables are ranked in descending order from left to right according to their importance to the 
response of Reduction Degree. VIP is defined as the sum over all the dimesions of the contributions 
of each variable of influence. 

MODEL COMPARISON

Table 12 shows a comparison of model size and fit and lists the two largest variables of importance 
having either a negative (-) or a positive (+) influence for the given response(s). The TTH model 
explains roughly 90 % of the variance in TTH values and predicts roughly 73 % of the variance. Here 
it is evident that the prediction capacity of the TTH model is mediocre when compared to the 
Reduction Degree and Carbon Utilization models at roughly 85 %. Oily millscale content in the 
different pellet mixes has the largest effect, in this case a detrimental effect, on the TTH response. 
Conversely, the interaction between BOF fine and coarse sludge (LD fine and coarse %) has the 2nd 
largest effect, in this case a beneficial effect, on the TTH response. 

From these results we see that the particle size distribution of the pellet blend plays a large role in the 
subsequent cold strength (TTH) of the produced pellet. Oily millscale sludge contains the largest 
particles among the raw materials in the pellet blend and when contents of oily millscale sludge are 
large enough a lack of structure could occur in the agglomerate due to a deficiency of bonding points 
for the cement during hydration. Oil content in the millscale sludge is another possible cause of 
decreased TTH values[38], but this parameter was not considered in the current study. The interaction 
between BOF fine and coarse sludge shows a beneficial effect on the TTH value. The synergy 
between these two materials having relatively large fine-particle fractions possibly contributes to a 
more optimal particle size distribution in the pellet blend. Another reason for the positive effect on 
TTH can be contents of CaO and/or Ca(OH)2 in BOF sludge contributing to better bonding within the 
pellet during hydration and curing. 

Considering the model with a dual response, the Reduction Degree + TTH model, particle size 
distribution is the most critical factor when optimizing the performance of CBPs regarding both self-
reduction degree and cold strength. It seems that pellet blends with larger stone fractions (10-40 m) 
promote good self-reduction while maintaining good cold strength. The negative correlation of the 
responses with d50 indicates that raw pellet blends containing the by-products in this study should be 
milled to decrease the average particle size if the Reduction Degree + TTH response is to be fully 
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optimized. Conversely, any supplementary carbon added to the pellet blend should not be milled in 
reference to d50 having a positive correlation with the Carbon Utilization response. 

Table 12. Comparison of model parameters based on response(s) 
Model Response(s) Significant 

Components R2Y Q2 VIP 

TTH 2 0.902 0.732 Oily millscale % (-) 
LD fine % X LD coarse % (+) 

Capacity 1 0.571 0.320 d50 X Stone (+) 
BF flue % X Stone (-) 

Reduction Degree 2 0.949 0.852 LD coarse % X Moisture % (+) 
Moisture % X Stone (-) 

Carbon Utilization 3 0.986 0.855 d50 (+) 
BF flue % (-) 

Reduction Degree + TTH 4 0.947 0.713 Stone (+) 
d50 (-) 

 

3.1.4 LARGE SCALE TESTING OF CBPs (Papers 1&2) 

INDUSTRIAL TEST IN THE BOF (Paper 1)

As mentioned in section 2.3.4, industrial scale testing was completed using CBPs as charge in the 
BOF at SSAB Luleå, Sweden. Initially, pellet blend BOF-R1 (see Table 8) was chosen for industrial 
trials but this blend was eventually replaced by pellet blend BOF-R2, in order to avoid high sulphur 
contents in burden material. By removing BF flue dust from the final pellet blend, a change in the 
self-reduction behavior was inevitable. 

Figure 15 shows a comparison of DTG results from thermal analysis in Ar(g) of pellet blends BOF-R1 
and BOF-R2. The weight loss behavior of the two pellet blends is very similar until a temperature of 
800 C is reached where pellet BOF-R1 achieves 11.5% more weight loss than pellet BOF-R2 due to 
carbon content in BF flue dust. Clearly, self-reduction is a key factor when recycling cold bonded 
agglomerates but is not always a necessary one, i.e. depending on whether agglomerates are used as 
scrap substitute or as dynamic coolant in the BOF. The purpose of these preliminary full-scale trials 
was to investigate the feasibility of using cold bonded agglomerates as dynamic coolant and thus a 
means to recycle in-plant by-products without causing disturbances to the BOF process and 
production. Therefore, pellet blend BOF-R2 was chosen for full-scale testing. 

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0 200 400 600 800 1000 1200

Temperature, oC

D
TG

, %
/m

in

BOF-R2

BOF-R1

 
Figure 15. DTG results for pellet BOF-R1 and BOF-R2 

Table 13 shows some results concerning steel chemistry during industrial tests, J6396 to J6485. The 
contents of carbon, phosphorus and sulphur in the steel product, from the pellet tests, are similar to 
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those results from reference tests without pellet charging. At pellet charging amounts of 2.5 tons, it is 
possible that carbon and sulphur content may increase more than 1  above normal levels and have 
some effect on steel quality but this conclusion is premature without further testing over longer trial 
periods. 

Table 13. Steel composition during BOF tests 

Chg. # 
Chg. wt. total 

(tons) 
Chg. wt. BOF-R2 

pellets (tons) C % P % S % 
J6396 104 Ref 0.059 - - 
J6398 116.6 Ref 0.053 0.01 0.014 
J6431 105.1 0.5 0.051 0.01 - 
J6433 112.9 1 0.063 0.01 0.007 
J6434 111.9 1.5 0.053 - - 
J6435 108.9 1.5 0.064 0.01 0.008 
J6482 110.3 2 0.058 - - 
J6483 111.1 2.5 0.100 0.01 0.007 
J6484 114.9 2.5 0.054 0.01 0.019 
J6485 109.7 2.5 0.091 0.01 0.013 
Mean - - 0.065 0.007 0.007 
Std - - 0.016 0.005 0.007 

 

Figure 16 shows some slag composition results during two reference and two 2.5-ton pellet tests. 
From this figure it is apparent that BOF slag chemistry is relatively unaffected by cold bonded 
agglomerate charge at levels of up to roughly 2.2% of the total charge weight to the BOF. Slag 
volume was unfortunately not measured during the full-scale tests but given the large content of 
oxides in agglomerates a slight increase is expected. 
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Figure 16. Slag composition during BOF tests 

Figure 17 shows the results of the effect of charging CBPs on representative samples of BOF sludge 
generation. A slurry sample of equivalent volume was taken each minute of the blowing period and 
the amount of solids was recorded. The sludge generation for a BOF test with 2.5-ton pellets charge is 
similar to that from reference tests although a larger series of tests would be needed to make any 
conclusions with statistical merit. But from these results, one can presume that the slight decrease of 
sludge generation occuring during the early part of the blow when comparing 2.5 t pellet charge to the 
reference is due to a decrease in the scrap demand thereby decreasing the input of high vapor pressure 
elements, which vaporize early during the blowing period. Conversely, an increase in sludge 
generation during the latter part of the blow could be due to increased slag generation, from CBP 
addition, and thereby more slag particle ejection from the BOF. 
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Figure 17. Sludge generation samples during BOF tests 

In general during full-scale testing there were no adverse disturbances to the BOF process due to the 
addition of CBPs. A natural continuation to this work would be to initiate a longer trial with pellets 
charge in the BOF and to broaden the analysis base in order to calculate a heat and mass balance 
around the BOF during testing. 

PILOT SCALE TEST IN THE EBF (Paper 2)

As mentioned in section 2.3.5, a pilot scale test campaign was completed with CBP charge (pellet 
blend B4) in the EBF. The pilot scale test was also complemented with lab-scale reduction tests and 
softening and melting tests. Table 14 shows the test parameters and results for isothermal reduction 
tests conducted on CBP samples at LKAB’s metallurgical laboratory. CBPs have good isothermal 
tumbling strength (ITH) at low temperature, 500°C, with a value of 95.8% while at high temperature, 
950°C, the ITH value is quite low at 31%. 

Table 14. Isothermal reduction tests 

Standard test 
Gas comp. 

CO/CO2/H2/N2 Temp°C Wt. (g) Wt. Loss %
ITH.% 

+6.3/-0.5 mm 
ISO 13930 20/20/2/58 500 500 9.49 95.8/2.9 
ISO 4695 40/0/0/60 950 500 7.44 31.0/52.3 
ISO 7992 40/0/2/58 1050 1200 23.08 NA 
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Figure 18. BF simulated reduction test 
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Figure 18 shows an example of the test gas composition and weight loss during a BF simulation 
reduction test on CBPs while Table 15 shows results from 3 separate tests ended at different 
temperatures. CBP samples suffer a considerable loss of binding strength between 700 and 900 C 
indicated by the loss in tumbler strength (wt% + 6.3mm) during this temperature interval, 63% to 
29%. 

Table 15. BF simulated reduction results 
Duration 

(min.) 
Temp. 

°C 
Wt. 
(g) 

Wt. 
Loss 

% 

Wt.% 
+6.3/-0.5 

mm 
30 20-710 500 5.5 63.2/26.0 
100 20-880 500 12.3 28.9/46.6 
180 20-970 500 24.4 NA 

 

Table 16 shows the softening and melting experiments run on mixture of CBPs and MPBO olivine 
pellets. The softening temperature, T(50), is defined as the temperature when the sample bed has 
shrunk to 50% of its original height. The melt-out temperature, T(Pmax), is defined as the temperature 
when the maximum pressure drop occurs over the sample bed. The cohesive zone temperature 
interval is defined as the difference between the temperature at which the bed stops shrinking, T(end), 
and the softening temperature. The cohesive zone temperature interval shows a decreasing trend when 
CBPs are mixed with the olivine pellets up to 10% CBP content and then an increase in the interval 
occurs between 10 and 20%. One reason for this behaviour might be that additions of CBPs above 
10% of the mixture increase slag basicity in the mixture. 

Table 16. Softening and melting properties 
of different pellet samples, data in °C 

CBP% = wt. CBP/wt.(CBP+MPBO)·100
CBP % 0 5 10 20 
T(50) 1356 1404 1427 1409 

T(Pmax) 1487 1511 1477 1492 
T(end) 1494 1511 1519 1528 

Cohesive zone 
T(end)-T(50) 138 107 92 119 

 

The effects from charging high amounts of CBPs on the BF process were evaluated during a pilot 
scale test in the EBF. The EBF is a very sensitive tool for detecting differences in properties of 
different ferrous burdens. The response time is much shorter in the EBF compared to a commercial 
blast furnace accentuating possible process problems that could arise during full-scale operation with 
CBPs. Table 17 shows the raw materials used during the different test and reference periods. 
Limestone and BOF slag additives were decreased when CBP charge was increased due to the high 
content of lime-containing oxides in CBPs. 

Table 17. Raw materials used during EBF tests 
Test periods 

1,2,3 
150 kg 

CBP/tHM
300 kg 

CBP/tHM
350 kg 

CBP/tHM Ref. 

Pellets 1290 1209 1193 1388 
CBP 149 299 344 - 

Limestone 15 - - 47 
Quartzite 20 16 29 17 
BOF slag 30 - - 45 

Coke 402 390 389 402 
PCI 120 122 114 131 

O2 enrich. 6.09 5.98 5.87 4.31 
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Figure 19 gives a summary of the stability of various BF process parameters during the reference and 
testing periods. At levels of 150 kg CBPs/tHM, the parameters are stable and in some cases even 
more stable than when the furnace operates without CBPcharge. Operating the EBF at higher CBP 
charge rates causes a noticeable increase of instability for burden descent rate, gas utilization and 
permeability. The change in process conditions involved with a new burden composition, i.e. 
additional CBP burden content, will result in expected process variations which can be corrected with 
necessary adjustments. For instance, the increased thermal state in the furnace when operating with 
CBP charge could have caused variations in EBF parameters. However, the sum of variations to the 
process during test periods with high CBP charge rate was not fully explained after process 
adjustments were made. 
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Figure 19. EBF process indicators: BDR (burden descent rate), 

EtaCO (CO utilization), EtaH2 (H2 utilization), 
K (permeability resistance index) 

The considerably high disintegration of CBPs in laboratory tests after isothermal reduction at 950°C 
in Table 15 indicates that disintegration of CBPs might occur during reduction in the EBF shaft. 
Figure 20 shows micrographs of one CBP sampled from the upper EBF shaft during a testing period 
with high CBP charge rate. The core of the pellet contains large pores and a reduced iron oxide 
matrix. While in the interface region between the pellet core and periphery, the microstructure shows 
signs of disintegration and highly dispersed particles with a periphery of dense microstructure. 
Furthermore, the disappearance of a predominant central gas flow during testing with 350 kg 
CBPs/tHM, as well as an increased EtaCO in the centre of the shaft could point to disintegration of 
CBPs leading to accumulation of fines in the centre of the furnace shaft. As a result of altered gas 
distribution, pellets of varied pre-reduction degree can reach the hearth. This might be a cause for 
increased variation of burden descent. 

Core of CBP                              Interface                         Periphery of CBP 
Figure 20. Optical micrographs of a CBP sample from the EBF shaft during testing with 300 kg 

CBP/tHM 
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Charging CBPs with the burden gave a decrease in fuel consumption when compared to the reference 
period. Operators at the EBF systematically reduced the coke and PCI rates to counter the excess 
thermal reserves in the furnace, see Figure 21. If the consumption of reducing agents during each test 
period is compared with the consumption during the reference period it is found that the consumption 
of reducing agents decrease with 11, 21 and 30 kg/tHM for test periods 1, 2 and 3 respectively. 
Addition of CBPs (B2 = 2.13) to a certain degree with olivine pellets (B2 = 0.13) will improve the 
slag formation. However, the slag volume increases significantly when the charging of CBPs is 
increased due to their high content of fluxes. One effect from increased slag volume might be 
decreased production efficiency. 
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Figure 21. Fuel consumption during EBF testing 



3.2 SELF-REDUCTION STUDIES (Papers 3, 4 & 5) 

3.2.1 REACTIVITY OF CBP DURING HEAT TREATMENT IN INERT ATMOSPHERE 
(Paper 3) 

The behavior of CBP blend B4, during heating in inert gas, was studied using thermodynamic 
calculations and TG/DTA/QMS experiments. Additionally, a series of separate TG experiments 
complemented with XRD and SEM analysis were carried out in order to ascertain the changes that 
occur in the sample when heated to and maintained at different temperatures. 

Table 18. Proposed CBP reactions during heating in inert gas 
Rxn

# Reaction Equation 
Temp. range 

°C 
Peak 

temp.°C 
HPeak 

(kJ/mol) 
GPeak 

(kJ/mol)
1 Me(OH)2  MeO + H2O             Me represents Ca, Mg... 200-450 420Ca(OH)2 101.74 -13.33
2 H2O + C  CO + H2 450-540 500 135.46 -4.61 
3 3Fe2O3 + CO  2Fe3O4 + CO2 540-600 550 -29.59 -78.43
4 Fe3O4 + CO  3FeO + CO2 600-680 640 17.67 -2.46 
5 FeO + CO  Fe + CO2 600-680 660 -20.15 -2.31 
6 3CaCO3 + Fe3O4 + 2Fe  Ca2Fe2O5 + 3FeO + CaO + 2CO + CO2 680-750 700 522.99 -15.45
7 3FeO + 5CO  Fe3C + 4CO2 740-850 760 -207.76 -9.62 
8 Fe3O4 + CO  3FeO + CO2 800-850 820 16.32 -9.97 
9 Ca2Fe2O5 + 2CO  FeO + 2CaO + 2CO2 + Fe 850-900 880 25.11 -0.94 
10 FeO + Fe3C  4Fe + CO 900-1000 950 143.21 -32.87
11 C + CO2  2CO 1000-1080 1040 167.36 -58.96
12 FeO + CO  Fe + CO2 1080-1160 1100 -16.96 -3.76 

 

The temperature isotherms were chosen based on the results from Figure 12 in section 3.2.2, i.e. the 
relevant temperatures at which there are distinct variations in the DTG curve coinciding with visible 
effects in the DTA curve. A summary of the proposed reaction history is given in Table 18, detailing 
the proposed reactions that can correspond with experimental results in Figure 22 showing the 
changes in DTG and DDTA vs. temperature. 

The raw pellet sample contains mostly CaCO3, Fe3O4, Fe2O3, FeO and Fe, with minor contents of 
various calcium silicates, carbon, hydrates and free moisture. During heat treatment, hydrates in the 
sample can react according to Rxn #1 (Figure 22, Table 18) in the temperature range of 200-450 C 
confirmed by the absence of hydrates in the XRD pattern at 500 C in Figure 23 and H2O generation 
in gas analysis in Figure 12. Water vapor released during dehydroxylation can react with carbon in the 
pellet sample between 450 and 540 C resulting in carbon gasification according to Rxn #2. The CO 
gas generated from this reaction can react with Fe2O3 in Rxn #3 between 540-600 C resulting in a 
reduction to Fe3O4 confirmed by an exothermic peak in the DDTA curve, evidence of magnetite 
lamellae formation on hematite grains from SEM analysis in Figure 24, a disappearance of Fe2O3 in 
the XRD pattern below 600 C and CO2 gas generation during this temperature interval. Iron reduction 
possibly continues to a small degree in Rxn #s 4 and 5 where Fe3O4 can reduce stepwise to FeO and 
Fe between 600-680 C indicated by consecutive endothermic and exothermic peaks in the DDTA 
curve and CO2 generation during this temperature interval. 
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Figure 22. DTG/DDTA results for pellet B4 (Rxn # is coupled to Table 18) 
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Figure 23. XRD patterns of pellet samples heated to different temperatures 
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Figure 24. SEM micrograph of CBP heated to 600 C 

From FACTSage® calculations, a complex reaction can occur during carbonate decomposition when 
reduced Fe is present at temperatures between 680 and 750 C, detailed in Rxn #6. Evidence of 
decreased peaks of Fe3O4 and CaCO3 while peaks of FeO, CaO, and Ca2Fe2O5 increase in the XRD 
pattern at 750 C, as well as increased generation of both CO and CO2 gas in Figure 12, helps to 
support this assumption. 
 
Furthermore, in Figure 25, there is evidence of calcium ferrite formation around an iron core. This is 
in agreement with equillibrium phases at 750 C and 69% CO2 (marked as X) in Figure 26. Here, the 
phases that occur depend on the CaO/Fe2O3 ratio, which likely varies in the overall sample: at a ratio 
of 1/1; Ca2Fe2O5, CaO.FeO.Fe2O3 and Fe3O4 exist and at a ratio of 1/2; FeO, CaO.FeO.Fe2O3 and 
Fe3O4 exist.[64]

 

 
Figure 25. SEM micrograph of CBP heated to 750 C 
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Figure 26. Fe-Fe2O3-CaO system as a function of CO/CO2 mixing ratio[64]: 

C = CaO, F = Fe2O3, W = FeO 

Furthermore, peaks of Fe3C appear in XRD at 750 C as well as 850 C coinciding with a large 
exothermic peak in the DDTA curve at 760 C. This supports a possible carbon deposition between 
740 and 800 C shown in Rxn #7. Between 800 and 850 C, a minor iron oxide reduction can occur 
detailed in Rxn #8. Here the remnant Fe3O4 from Rxn #6 can reduce to FeO confirmed by the absence 
of Fe3O4 and the increase of FeO in the XRD pattern at 850 C and a small endothermic peak at 820 C 
on the DDTA curve. The product FeO from Rxn #8 can react again in Rxn #7 to form additional Fe3C 
indicated by an increase in Fe3C peaks in the XRD pattern at 850 C. 

Above 850 C, reduction of Ca2Fe2O5 possibly occurs between 850-900 C resulting in FeO, Fe and 
CaO according to Rxn #9. Ca2Fe2O5 peaks in the XRD pattern at 950 C have decreased compared to 
those peaks at 850 C which is an indicator of this reaction as well as SEM analysis, Figure 27, that 
illustrates that particles containing Fe in the sample at 950 C show segregation from a disperse 
perifery to a core of dense iron formation. 

 
Figure 27. SEM micrograph (left) and Fe mapping (right) of CBP sample heated to 950 C 
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Next, in Rxn #10, Fe3C could reduce some FeO in the sample producing metallic Fe and CO gas 
between 900-1000 C, which is confirmed by the disappearance of Fe3C in the XRD pattern at 950 C 
and increased CO gas generation during this temperature range. 

Above 950 C, carbon gasification can occur spontaneously by Rxn #11 confirmed by a sizeable 
increase in CO gas generation and an endothermic peak on the DDTA curve at 1040 C. 
Consequently, iron oxide reduction occurs by Rxn #12 beginning at 1080 C and nearly complete at 
1200 C as seen in Figure 28 and XRD results from 1200 C. 

 
Figure 28. SEM micrograph (left) and Fe mapping (right) of CBP sample heated to 1200 C 

 

3.2.2 LOW TEMPERATURE SELF-REDUCTION STUDY OF Ca(OH)2-C-Fe2O3 system 
(Papers 4 & 5)  

The objective of these studies was to clarify the mechanisms of reaction in the Ca(OH)2-C, Ca(OH)2-
Fe2O3 and Ca(OH)2-C-Fe2O3 systems at temperatures below 800°C in inert atmosphere and ambient 
pressure. These systems have proven critical to the understanding of low temperature self-reduction in 
CBPs. The chemical reactions of most importance to this study are listed below: 

Ca(OH)2 = CaO + H2O (1) 

C + H2O = CO + H2 (2) 

CO + H2O = CO2 + H2 (3) 

CO2 + C = 2CO (4) 

3Fe2O3 + CO = 2Fe3O4 + CO2 (5) 

2CaO + Fe2O3 = Ca2Fe2O5 (6) 
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MECHANISTIC STUDY OF Ca(OH)2 DEHYDRATION IN THE PRESENCE OF GRAPHITE 
OR HEMATITE (Paper 4)

As a pre-study to the ternary system, the binary systems of Ca(OH)2-C and Ca(OH)2-Fe2O3 have been 
investigated at low temperatures to shed light on the mechanisms of carbon gasification and calcium 
ferrite formation. Two types of tests were performed on reagent grade samples with compositions 
shown in Table 19. First, dynamic TG/DTA tests were conducted on samples heated from 20°C to 
600°C at different heating rates in argon. Second, to investigate phase changes in the samples, 
different TG tests with larger sample sizes were conducted on selected samples. 

Table 19. Mix compositions in wt%
Sample Ca(OH)2 C Fe2O3

1 100 - - 
2 60.7 39.3 - 
3 58.2 - 41.8 

 

The TG results of samples 1-3 are given in Figure 29. Samples 1 and 3 have wt. losses that are 
comparable to but slightly less than the specific theoretical wt. loss of Ca(OH)2 dehydration (dashed 
horizontal line in figures) for each sample composition. The reason for this is minor carbonate 
contamination of the reagent hydroxide (confirmed by XRD) which is practically unavoidable. 
Conversely, the wt. loss in sample 2 is more than that which can be attributed to hydroxide 
dehydration. This leads to a conclusion that in sample 2, dehydration isn’t the only chemical reaction 
occurring between 300 and 600°C. 
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Figure 29. TG results of samples 1-3 at different heating rates ( = 3, 5, 7, 10, 15, 20°C/min) 

From XRD analysis the phases identified in sample 2 after heat treatment were, in order of decreasing 
intensity; CaO, C and CaCO3. In sample 3 the identified phases were, in order of decreasing intensity; 
Fe2O3, CaO, CaCO3 and Ca2Fe2O5. Full width half magnitude (FWHM) measurements were used for 
qualitative crystallite parameter comparisons using the Scherrer equation:[65]
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hkl

KL
cos

 (7) 

where K  1,  = 0.154 nm for Cu K  radiation,  = FWHM, hkl = the Bragg angle. Results are 
shown in Table 20. 

Table 20. Comparison of calculated crystallite parameters based on FWHM results from XRD analysis. (I/Io) is the 
change in relative peak area intensities, La and Lc are the change in crystallite diameter and crystallite thickness 
consecutively, and V is the change in crystallite volume. *(this value is the change in relative intensity of the (002) 
plane between two separate diffractograms, raw and 500°C, as only the (002) carbon peak could be evaluated) 

  
FWHM smp 2 

(°2 ) 
FWHM smp 3 

(°2 )  Crystallite parameters (nm) 
Crystal plane °2  raw 500°C raw 500°C (I/Io) % La % Lc % V % 

C (002) 26.47 0.305 0.316   8* 3 -3 1 
CaO (200) 37.33  0.250  0.230 0 9  28 

(222) 67.40  0.358  0.391 1 -8  -23 
Fe2O3 (012) 24.15   0.103 0.127 -1 -4 -19 -25 

(113) 40.85   0.128 0.133 -9 -4 -19 -25 
 

A comparison of the (002) graphite peak of sample 2 before and after heating shows an increase in 
FWHM and peak intensity after heat treatment to 500°C. An increase in FWHM commonly indicates 
a decrease in particle size and crystallinity but this would also correspond with a decrease in peak 
intensity, which is not the case here. Conversely, crystallite parameter calculations suggest that the 
average crystallite volume increases slightly or not at all. Using an interpretation of the mechanism 
suggested by Kercher and Nagle[66], steam generated from Ca(OH)2 decomposition could facilitate the 
conversion of disordered carbon content along the Lc dimension into ordered graphene along the La 
dimension resulting in micropore/microcrack formation in the graphite solid but resulting in little or 
no bulk crystallite volume change. 

Measurements of the CaO peaks for samples 2 and 3 after heat treatment to 500°C show that the (200) 
peak exhibits less broadening while the (222) peak more broadening for sample 3 when compared to 
sample 2. The relative intensities of CaO peaks exhibit little or no change but changes in crystallite 
diameter point to an anisotropic grain growth of the (200) crystal plane in lieu of the (222) plane. 
Evidence of calcium ferrite peaks along with decreased crystallite size of Fe2O3 can lead to an 
assumption that a small amount of newly formed calcium ferrite dissolves in CaO preferentially 
parallel to the (200) plane. This can be possible in reference to Bergman[67], that local equilibrium is 
established at the phase interfaces and the extent of solid solution is governed by the local oxygen 
potential. 
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Figure 30. Estimation of Ea using Friedman analysis of a) sample 1 (Ca(OH)2) b) sample 2 

(Ca(OH)2+C) c) sample 3 (Ca(OH)2+ Fe2O3) from 6 experiments with each sample at  = 3, 5, 7, 10, 
15, 20°C/min. 

Diagrams illustrating the model-free Friedman analysis of the TG results from samples 1-3 is given in 
Figure 30. Samples 1 and 3 exhibit roughly the same activation energy dependence, while sample 2 
shows a divergence from this behavior at conversions of 0.5 < < 0.9, where the activation energy 
sharply decreases and then increases again to a level of ~120 kJ/mol. All three samples do show some 
dependence of the activation energy on conversion and this behavior is often a sign that the overall 
transformation contains multiple steps.[55] 
 
A comparison of master curves for the experimental results to theoretical kinetic models is shown in 
Figure 31. All samples show a trend between the F1 and F2 kinetic models at conversions of   0.5. 
This behavior implies that the initial reaction mechanism occurring in all three samples is governed by 
Ca(OH)2 regardless of content. At higher degrees of conversion, sample 1 seems to follow a trend 
between the R2 and A2 curves. Sample 2 shows general agreement with the R2 curve at 0.5 <   
0.65 and then jumps to a level between the A2 and A3 curves at greater conversion levels. Sample 3 
shows a trend that follows the R2 curve at  > 0.5 which is similar to that observed with sample 1 but 
with less affinity to the nucleation/growth models. 
 

c)

a) b) 
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Figure 31. Z( ) master curves for theoretical kinetic models and experimental data 

With knowledge gained from Friedman and master plot analysis, the decision was made to investigate 
a configuration of multiple reactions in the non-linear regression analysis. Results from the regression 
analysis of TG experiments for samples 1-3 are shown in Table 21. 

The model for sample 1, Ca(OH)2 alone, can be interpreted as a mechanism beginning with slow 
product nuclei formation at  < 0.2 that, at higher conversion (  < 0.7), accelerates to form a dense 
reaction layer varying in thickness relative to the ease of H2O escape.[68] Evidence of this behavior 
was observed in SEM analysis of samples, see Figure 32. Here we see some crack formation on the 
surface of a dense reaction layer most likely due to gas pressure accumulation from inside the bulk 
reactant. The appearance of a dense surface reaction layer is prevalent at this point in the dehydration 
and the occurrence of crack formation seems to be dependent on individual particle size, i.e. larger 
particles show more crack formation. 

Table 21. Selected results of regression kinetic analysis for samples 1-3
Multivariate Non-Linear Regression results 

Model order/dimension, 
n wa Ea (kJ/mol) log A (s-1) R2

Sample 1, Ca(OH)2

1) Fn 
2) Fn 
3) R2 

1.44
0.45

2

0.17
0.50

174.23  18.33 
123.52  6.74 
106.95  21.01 

11.61  1.62 
6.88  0.56 
5.26  1.58 

0.99938 

Sample 2, Ca(OH)2+C
1) F2 
2) R2 
3) A3 

2
2
3

0.11
0.67

213.87  41.77 
142.67  7.76 
137.36  10.97 

14.51  3.46 
7.57  0.72 
7.37  0.77 

0.99857 

Sample 3, Ca(OH)2+Fe2O3

1) F2 
2) R2 

2
2

0.17 260.43  20.16 
155.05  1.53 

18.49  1.60 
8.69  0.12 0.99839 

a Parameter w is a weighting factor used in multiple reaction models 
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Figure 32. SEM micrograph of Ca(OH)2 sample after heat treatment to 380°C

The agreement with the R2 model at  > 0.7 can be attributed to a reaction mechanism where 
advancement of the reaction interface is related to the layered crystal structure of Ca(OH)2, i.e. if 
product nucleation occurs at the more-reactive edge surfaces of a plate-like crystal then the reaction 
layer would progress inwards two-dimensionally.[69] Although another possible explanation to this 
type of physico-geometric behavior was observed by Barret,[70] i.e. the characteristics of the phase-
boundary reaction depends on the shape of the crucible and the arrangement of powder used in 
experiments. Kinetic parameters arrived at here have precedence in the literature, where the 
predominant activation energies reported and the relevance of a kinetic model with multiple 
consecutive steps are in agreement with previously reported results.[55], [68], [71], [72]

In comparison to sample 1, the nth order model in sample 2 only dominates in the first step of the 
transformation. With the addition of graphite in sample 2, water vapor can act as an intermediate at 
two separate reaction interfaces,[71], [73] i.e. CaO/H2O(g) and H2O(g)/C. This behavior can result in a 
more heterogenous water vapor distribution in the sample after initial surface dehydration and nuclei 
formation thereby making the R2 model, in place of Fn, more appropriate as the next step in the 
transformation. Furthermore, the model for sample 2 includes a nucleation and growth step not 
present in the analysis of sample 1. If we consider the reversible carbon gasification/deposition Rxn 
(2) listed earlier, it is possible that the nucleation and subsequent ingestion or gasification of solid 
carbon at the H2O(g)/C interface is the mechanism implied by the A3 step. Again, evidence of this 
behavior was observed in Figure 33 where in the void between a particle of “Ca(OH)2/CaO” and a 
graphite particle there is a formation of solid carbon having noticeable drop-like surface formations. 
These “drops” are quite possibly condensate carbon from gas phase. 

Figure 33. SEM micrograph of Ca(OH)2 + C sample after heat treatment to 460°C

The mass loss behavior of sample 3 is quite similar to dehydration of pure Ca(OH)2 in sample 1. 
Although, like sample 2, the model which best fits sample 3 implies a more heterogenous-type 
mechanism, i.e. adherence to the phase boundary model over a larger range of . This can likely be 
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due to the formation of some intermediate amorphous CaO•H2O•Fe2O3 phase at contact points of 
particle surfaces during the progression of the dehydration reaction interface. A consequence of this 
intermediate could be that subsequent calcium ferrite formation would be anion-modified and 
therefore more catalytically active[74] and would more readily adsorb water molecules. Figure 34 
shows a particle of crystalline CaO containing areas enriched with iron, circled in white, which could 
be the beginnings of calcium ferrite formation at the edges. 

Figure 34. SEM micrograph of Ca(OH)2 + Fe2O3 sample after heat treatment to 600°C 

OPTIMIZATION IN THE Ca(OH)2-C-Fe2O3 SYSTEM (Paper 5)

Two types of tests were performed on the samples. First, in order to find an optimal composition, 
dynamic TG/DTA tests were conducted on samples shown in Table 22 heated from 20°C to 800°C in 
helium. Second, to investigate the influence of heating rate and particle size on the optimal mix, 
thermokinetic TG/DTA tests were conducted on samples of mix 5 with two different particle sizes of 
hematite; one with an average particle size of ~300 nm (micro) and the other ~30 nm (nano). 

Table 22. Mix compositions in wt% 

Mix # 
micro 
Fe2O3 Ca(OH)2 C 

1 50 30 20 
2 55 25 20 
3 57.5 30 12.5 
4 60 20 20 
5 62.5 25 12.5 
6 65 30 5 
7 67.5 20 12.5 
8 70 25 5 
9 75 20 5 

The TG/QMS curves for mix 5 are shown in Figure 35 as an example of the results acquired for all 
mixes. Weight loss and maximum gas intensity data in the temperature range 500-800°C has been 
used to calculate apparent reduction degree, H2O utilization degree (participation in carbon 
gasification) after dehydration of Ca(OH)2 content, and CO utilization degree in reduction reactions. 
Results are given in Table 23. 
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Figure 35. TG/QMS curves from mix 5 

From Table 23, mix 1 and mix 5 are the only mixes which have better than average values for all 
responses. Preliminary analysis of the optimization experiments shows that Ca(OH)2 content in mixes 
1-9 has the best correlation with the responses given in Table 23. Furthermore, the relationship 
between C and Ca(OH)2 contents for each mix has the best correlation with CO utilization, which is 
the most empirical of responses. With this in mind, a C:H2O(hydrate) molar ratio between 2 and 3 and a 
C:O(iron oxide) molar ratio greater than 0.85, as in mix 1 and 5, seems optimal in the context of this 
study.

Table 23. Optimization responses 

Mix # 
Red. degree 

%
H2O utilization 

%
CO utilization 

%
1 35.24 53.69 86.82 
2 24.76 34.84 87.33 
3 32.58 47.07 86.82 
4 22.95 58.94 87.01 
5 25.18 51.11 86.99 
6 31.20 60.85 85.40 
7 11.23 33.35 86.08 
8 20.87 52.18 86.75 
9 15.66 49.67 86.56 

avg 24.41 49.08 86.64 

XRD results from heat treated samples of mix 1 and mix 5 are quite similar except for the relative 
absence of remnant CaO and Fe2O3 in mix 5 when compared to mix 1 at 800°C. Consequently, it 
seems that the composition of mix 5 is more favorable for Fe2O3 reduction and formation of calcium 
ferrite than mix 1. Therefore, mix 5 was chosen as the composition to use in further studies because of 
its optimal combination of reduction and bonding, i.e. calcium ferrite formation, characteristics. 

TG and DTA results for micro briquettes of mix 5 using micro and nano sized hematite are shown in 
Figure 36 as samples 1 (micro) and 2 (nano). TG results reveal obvious differences between the two 
samples. First, there is a difference in total weight loss between sample 1, ~10 wt%, and sample 2, ~8 
wt%. Second, the fraction of total weight loss for the two separate TG steps (see Table 24) in each 
sample differs, i.e. sample 1 (step 1  0.30, step 2  0.70) and sample 2 (step 1  0.75, step 2  0.25).
Furthermore, calculated H2O utilization from step 1 of samples 1 and 2, 51% and 6% respectively, 
have a marked negative effect on the reduction degree from step 2 of sample 2, 7.5%, when compared 
to sample 1, 25%. 
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Table 24. Temp. interval definitions for each  
TG step in both samples 1 & 2 

temperature intervals (°C) 
(°C/min) step 1 step 2 

2 320-430 450-680 
10 340-470 500-740 
32 370-510 540-800 

DTA results support TG results where the heat flow in step 1 is roughly 2 times greater in sample 2 
than that in sample 1, and during step 2 the heat flow is roughly 3.5 times greater in sample 1 than that 
in sample 2. Interestingly, a difference does occur between heating rates where both samples exhibit 
exothermic heat flow between 500 and 600°C when heated at 32°C/min but not observed at the lower 
heating rates. Reduction of Fe2O3 by CO in Rxn (5) is exothermic as well as carbon deposition by the 
reverse of Rxn’s (2) or (4). 
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Figure 36. TG/DTA results from (a) sample 1 (w/ micro Fe2O3) and (b) sample 2 (w/ nano Fe2O3)

Diagrams illustrating the model-free Friedman analysis of the TG results from samples 1 & 2 are 
shown in Figure 37 and Figure 38. 

(a) (b)
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Figure 37 Friedman analysis of sample 1, left TG step 1, right TG step 2 
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Figure 38. Friedman analysis of sample 2, left TG step 1, right TG step 2 

 
In both samples, the activation energy dependence in TG step 1 is similar but at higher conversion 
than  = 0.5 the activation energy seems to gradually increase with conversion for sample 1 while it 
gradually decreases in sample 2. Again in TG step 2, activation energy dependence is similar for both 
samples but at  > 0.8 the activation energy for sample 1 decreases with conversion while that in 
sample 2 increases. 
 
A comparison of master curves for the experimental results to theoretical kinetic models is shown in 
Figure 39 and Figure 40. The experimental results for step 1 in sample 1 seem to obey a trend 
between A1/F1 and A2/Fn (n < 1) kinetic models at conversions of   0.2 with results from 2°C/min 
having a larger dimension/smaller order than results from 10 and 32°C/min. This behavior implies 
that the initial reaction mechanism is somewhat heating rate dependent. At higher degrees of 
conversion, 0.2 <   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, shows general agreement with the An/Fn curves at   0.3 and then follows the R2 curve at 
greater conversion levels. 
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Figure 39. Z( ) diagrams for TG steps (1) and (2) in sample 1 

Master curve results for step 1 in sample 2 also seem to obey a kinetic model between A1/F1 and 
A2/Fn throughout the entire conversion but at 0.6    0.9 results for 2°C/min deviate to a larger 
dimension/smaller order than do results from 10 and 32°C/min. Step 2 shows how experimental 
results are scattered but generally follow a trend comparable to An/Fn behavior at   0.4 and then 
converge to a trend similar to R3 behavior at greater conversion levels. Although, results from 2 and 
10°C/min do show some adherence to D1 behavior at 0.5    0.8. 
 

 
Figure 40. Z( ) diagrams for TG steps (1) and (2) in sample 2 
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With knowledge gained from Friedman and master plot analysis, the decision was made to investigate 
a configuration of multiple reactions in the non-linear regression analysis. Results from the regression 
analysis of TG experiments for samples 1 & 2 are shown in Table 25. 

Table 25. Results of regression kinetic analysis for samples 1 & 2
Multivariate Non-Linear Regression results 

Model order/dimension, n wa Ea (kJ/mol) log A (s-1) R2

Sample 1, micro hematite 
TG step 1   1) Fn 

2) R2 
3) Fn 

0.75
2

0.79

0.19
0.74

179.41  3.99 
148.63  1.1 

126.05  14.35 

11.84  0.38 
8.69  0.08 
6.68  0.65 

0.99950 

TG step 2   1) An 
2) R2 

0.69
2

0.24 191.94  5.51 
178.79  2.44 

8.36  0.59 
6.83  0.10 

0.99921 

Sample 2, nano hematite 
TG step 1   1) Fn 

2) An 
3) An 

0.54
1.46
2.12

0.37
0.29

153.83  2.81 
140.32   10.52 
139.97  6.85 

9.57  0.29 
8.70  0.80 
8.47  0.47 

0.99888 

TG step 2   1) Fn 
2) R3 

1.32
3

0.32 152.98  3.92 
188.42  2.84 

6.96  0.23 
7.97  0.17 0.99775 

a Parameter w is a weighting factor used in multiple reaction models 

In sample 1 the initial fractional-order (Fn) model in TG step 1 is similar to the earlier binary system 
evaluation with a mechanism beginning with CaO product nuclei formation. But here, the tightly 
packed micro briquette structure somewhat impedes nuclei formation by the reverse process of 
rehydration indicated by an order less than 1. The agreement with the R2 model at 0.2 <  < 0.95 is 
similar to the behavior in the Ca(OH)2-Fe2O3 binary system and can be due to the formation of some 
intermediate amorphous CaO•H2O•Fe2O3 phase at contact points of particle surfaces during the 
progression of the dehydration reaction interface. In the final stage of TG step 1, Fn model behavior 
can be interpreted as the formation of CO(g) from graphite gasification. Here the activation energy is 
low knowning that activation energies for the steam-carbon reaction are usually of the magnitude 150 
kJ/mol at atmospheric pressure but the magnitude of this transformation is highly dependent on the 
local steam partial pressure, temperature and CO/CO2 ratio.[75] 

The initial model stage of TG step 2 is rationally tied to the end of TG step 1. Here, the An behavior 
(  < 0.25) can be interpreted as the random growth of the CO2(g)/Fe3O4(s) interface where is CO2 is a 
product from hematite reduction by CO. Following the interface growth, the reduction of hematite 
apparently proceeds via phase boundary mechanism, R2. El-Geassy’s work[76] also concludes a mixed 
reaction mechanism such as this for the reduction of hematite. 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,[77]-[79] and the intrinsic energy for the Boudouard reaction of approximately 400 kJ/mol.[80]

This behavior, i.e. the reaction between solid carbon and iron oxide occurring as the combination of 
carbon gasification and carbothermic reduction, is generally accepted in the literature.[81]

In sample 2 the initial fractional-order (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 smaller particle size in sample 2 causing a 
decrease in total porosity and consequently making gas diffusion more difficult increasing the 
reversibility of the dehydration reaction. In contrast to the behavior in sample 1, sample 2 follows a 
An model behavior at 0.4 <  rather than phase boundary behavior. In reference to TG results in 
Figure 36, it is evident that the maximum rate of weight loss in step 1 for sample 2 is faster than that 
in sample 1. An explanation can possibly be that instead of a slow advancement of the reaction 
interface seen in sample 1, crack development in sample 2 from excessive gas pressure results in more 
rapid and extensive dehydration with subsequent recrystallization of the CaO product. The final stage 
of TG step 1 in sample 2 follows A2 model behavior and can be interpreted as the growth of the 
CO(g)/C(s) interface during graphite gasification. Here, the gasification reaction seems to be starved 



due to low steam pressure, the small amounts of CO(g) that are produced might likely remain adsorbed 
to solid graphite surfaces.[82]

 
In TG step 2 the transition seems to follow Fn behavior (  < 0.35) and can be interpreted as the direct 
reaction between a ionically-active C(s) and Fe2O3(s). Those surfaces which are in close contact with 
iron oxide can initiate direct reduction, which might be diffusion controlled at lower heating rates as 
seen by the apparent correlation to D1 behavior, master curve results in Figure 40(2), at 2 & 
10°C/min. Following initial direct reduction, the reduction of hematite apparently proceeds via phase 
boundary mechanism, R3. The shrinking core model is more preferable in sample 2 than in sample 1. 
This is likely due to the much smaller hematite particle size in sample 2 as well as the larger apparent 
activation energy, ~190 kJ/mol, signifying more control applied by the Boudouard reaction, Rxn (4). 
 
Results from SEM analysis support proposed reaction mechanisms discussed earlier. The left side of 
Figure 41 illustrates the morphology of sample 1 after heat treatment. Here, the CaO particles are 
intact and porous indicating that little structural change has occurred in the grain after dehydration. In 
sample 2, to the left, CaO grains are less porous and in some cases partial disintegration has occurred. 
Furthermore, crack formation, seen in Figure 41(right), occurs in sample 2 and was more prevalent at 
high heating rates. From EDS results, iron oxide particles in sample 1 have an average iron content 
lying between magnetite and wustite with a reduction degree that slightly increased with increasing 
heating rate. In contrast to sample 1, iron oxide reduction throughout the entire briquette was not seen 
in sample 2, but in specific areas with a high local concentration of graphite in contact with iron 
oxide. In these areas of intimate contact between graphite and iron oxide, reduction degree was in 
between wustite and reduced iron. 

 
Figure 41. Comparison of the periphery of micro briquettes of sample 1 (left) and sample 2 (right) 

after heating to 800°C 

 
Figure 42. Comparison of the center of micro briquettes of sample 1 (left) and sample 2 (right) after 

heating to 800°C 
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Shown on the left side of Figure 42, a particle of calcium rich calcium ferrite located in the center of a 
micro briquette of sample 1 seemingly has started to crystallize and become more angular in shape. 
Where, on the right side of Figure 42, we observed a highly crystallized grain of Ca2Fe2O5 in the 
center of a sample 2. The smaller particle size and consequently tighter particle packing in sample 2 
compared to sample 1 possibly allows better thermal conductivity to the center of sample 2 resulting 
in more developed crystals of calcium ferrite. 

COMPARISON OF CBP AND Ca(OH)2-C-Fe2O3 SYSTEM

An attempt to compare the experimental behavior in CBP blend B4, from section 3.2.1, to the model 
for sample 1 (micro hematite) is shown in Figure 43. TG step 1, as described earlier, assumes the 
reactions, Ca(OH)2 dehydration and carbon gasification. The model has a good correlation with 
normalized DTG results of pellet B4 in the early stages of dehydration beginning at 340°C but seems 
to slightly underestimate the rate of dehydration at higher temperatures. Reasons for this could be that 
dehydration is more instantaneous in the loose powder of sample B4 with less obstruction for 
diffusion than the micro briquette the model is based on. Furthermore, it is possible that hydrates 
other than Ca(OH)2 add to the complexity of dehydration in this temperature range. The modelled 
apparent carbon gasification at the end of TG step 1 agrees with results from pellet B4 supporting the 
reaction scheme put forth in Table 18 where carbon gasification occurs in the temperature range 450-
500°C. 

In TG step 2 the model assumes iron reduction through carbon gasification. At temperatures between 
500 and 600°C the model overestimates the reaction rate in the by-product pellet mix. This might be 
because the model is based on a system starting from hematite but the iron oxide composition in by-
products is more reduced to begin with. Therefore, it’s possible the prevailing reduction potential 
within the by-product sample is insufficient for further reduction via carbon gasification until 
temperatures reach ~600°C. At higher temperatures, the rate in B4 deviates from the model likely due 
to the calcination of carbonate content which is not accounted for in the simple model system. Then, 
CO2 generated from calcination likely enters into further carbon gasification and subsequent iron 
oxide reduction above 700°C. Furthermore, the difference in rate can be attributed to the likelihood of 
diverse carbon particle structure in B4 orginating from coal and coke particles in BF flue dust whereas 
the model is based on a more ordered graphite structure. 
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Figure 43. Rate comparison of experimental and modelled results from CBP blend B4 
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CHAPTER 4 

CONCLUSIONS

The low and high temperature behavior of CBPs has been studied in lab scale experiments 
complimented with various material characterization techniques. Large scale testing of cold bonded 
by-product pellets in a commercial BOF and a pilot scale BF has also been completed. Lastly, the 
complex series of transformations occurring when CBPs are used as recycled iron charge in 
steelmaking processes was investigated on the basis of a simpler, model ternary system: Fe2O3-
Ca(OH)2-C. 

The results show that it is possible to produce CBPs containing metallurgical by-products that meet 
high cold strength and capacity requirements. The cold strength of CBPs in this study is a factor of 
primarily, particle size distribution and hydration extent. Oily millscale sludge contains the largest 
fraction of oversized particles among raw materials in the pellet blend and therefore has the largest 
detrimental effect on cold strength and capacity. An optimal blend of BOF fine and coarse sludge in 
CBPs not only improves the particle size distribution in the pellet blend but also includes contents of 
CaO and/or Ca(OH)2 improving bonding during hydration and curing and therefore has the largest 
beneficial effect on cold strength. 

Self-reduction experiments based on TG/DTA/QMS testing of CBP samples show that hydrate and 
carbonate content in metallurgical by-products used in CBPs play a significant role in the reduction 
characteristics of contained iron oxides and the formation of bonding-type calcium ferrite phases. The 
formation of calcium ferrite phases begins below 600°C while the disintegration of said phases, 
according to literature, is believed to be caused by the reduction of hematite content in calcium ferrite 
to magnetite at temperatures greater than 800°C depending on the prevailing CO/CO2 ratio. 

The complex series of transformations occurring when CBPs are recycled in iron and steelmaking 
processes have been investigated on the basis of the simpler Fe2O3-Ca(OH)2-C system heated from 
20-800°C in inert atmosphere. The transformation starts with calcium hydroxide dehydration, whose 
first step, CaO nucleation, is partially impeded by the slow escape of H2O imposed by the tight 
structure of the briquette depending on the hematite grain size. Dehydration proceeds by the inward 
2D growth of the CaO grains when micro-sized grains of hematite are present. In briquettes with 
nano-sized hematite grains, large cracks develop, which is favored by high heating rates, and 
dehydration becomes rapid and more extensive. Evolved steam, depending on local partial pressure, 
in turn begins to gasify carbon grains, producing CO and H2. Then the reduction of hematite takes 
place by these gases, also via a 2D phase boundary mechanism, down to a reduction degree situated 
between magnetite and wustite. Parallel to the iron oxide reduction, a calcium ferrite phase appears, in 
the form of angular and calcium-rich particles. In the case of deficient carbon gasification by steam 
due to low partial pressures, nano-sized hematite is locally reduced at contact points with graphite 
particles resulting in a small amount of iron oxide grains reaching the reduction degree of wustite. 

An optimal composition of the ternary mix, i.e. 62.5% Fe2O3, 25% Ca(OH)2, 12.5%C, was 
determined, from TG tests and XRD analysis, as the most suitable for the concurrent optimization of 
both the reduction degree and formation of the bonding phase, calcium ferrite. In general, Ca(OH)2
content in the system Fe2O3-Ca(OH)2-C has the best correlation with the reduction degree, H2O
utilization and CO utilization at low temperatures. With this in mind, a C:H2O(hydrate) molar ratio 
between 2 and 3 and a C:O(iron oxide) molar ratio greater than 0.85, is optimal in the context of this 



study. Furthermore, excess milling of by-products is discouraged due to the greatly adverse effects on 
reduction degree. The first step in the proposed kinetic model describing dehydration and carbon 
gasification in inert atmosphere has good correlation with behavior in CBPs during self-reduction 
testing. In contrast, the model fit to CBP behavior in the second step is unsatisfactory most likely due 
to variable oxidation state of iron oxides in raw CBP samples as well as carbonate content. These 
factors were not considered in the evaluated model system Fe2O3-Ca(OH)2-C. 

Full scale testing of cold bonded pellet charge in the BOF has proven to be feasible at levels up to 
2.2% of total charge weight. At these levels, cold bonded pellet addition resulted in no adverse 
disturbances to steel and slag chemistry and to the BOF process in general. Charging CBPs at higher 
levels will most likely increase sulphur levels in the BOF if Portland cement is used as binder. 
Although changes in slag volume where not monitored during tests included in this work an increase 
is expected with CBP additions. But, increasing slag volume can be tempered by including carbon 
content in CBPs to ensure that all iron units report to the steel bath and not to the slag. 

Pilot scale testing of CBPs in the EBF show that it is possible to charge quite high amounts of cold 
bonded agglomerates to a BF and the upper limit is dependent on chemical and/or metallurgical 
properties of the material. The metallurgical properties, i.e. the reduction and softening and melting 
behavior, of the cold bonded material become important when the charged amount is beyond 10% of 
the ferrous burden. 
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CHAPTER 5 

FUTURE WORK 

On bench scale, the present work concentrates primarily on the self-reduction characteristics of CBPs 
when heated in inert gaseous environment. Thus far, the reactions that have been proposed to occur 
during the heating of CBPs up to 800 C are based primarily on thermodynamic considerations 
coupled with results from TG/DTA/MS analysis and kinetic analysis of a simple ternary system. 

It is more than likely that the mechanisms occurring in CBPs are far too complicated to completely 
fall within the small confines of this study. Factors such as the effect of other states of calcium and 
iron, i.e. CaCO3, Fe3O4, FeO, Fe and other forms of carbon, such as coal and coke, need to be 
investigated to further understand the complex reaction occurring in CBPs between 600 and 800 C.
Studies on the reactivity of reagent calcium ferrite phases would be prudent to investigate their 
stability at temperatures greater than 800 C and at different reduction potential. 

Furthermore, it is important to investigate the kinetics of self-reduction on more CBP samples to 
develop a large data pool concerning the rates of by-product blends in varying temperature ranges to 
thereby compare simpler mineral system configurations for mechanism studies. More kinetic studies 
varying the type of binder and reductant in CBPs are of interest to help shed light on the mechanisms 
of high temperature disintegration attributed to CBPs. Finally, and most important for industrial 
consideration, studies of the reduction characteristics of CBPs when heated in reducing environments 
and when mixed with molten iron/steel are needed to better understand how these pellets can behave 
in the BF and the BOF. Hopefully, lab scale testing can be complimented with additional industrial 
scale testing to further increase the technological know-how concerning CBP use as feed material in 
metallurgical processes. 
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1. Introduction

The recycling and utilisation of iron-bearing by-products
such as dust, scale and sludge has long been promoted in
iron and steel-making industry due to its several benefits:
(i) to reduce the depletion of the earth’s limited natural re-
sources; (ii) to reduce pollution produced by discharging
untreated waste; and (iii) to save energy indirectly. The re-
cycling of dust and sludge generated in integrated steel
plants currently can be realized by using one or two of five
methods, which include sintering, cold bonded agglomera-
tion, injection, direct reduction (DR) and smelting reduc-
tion (SR).1–5) The choice of these methods, however, de-
pends on several important factors such as the environmen-
tal requirements, energy policy, company’s statues, compa-
ny’s strategies in recycling, feasibility concerning economy
and technology.6)

The ferrous burden in the blast furnace at SSAB
Tunnplåt consists of 100% pellets due to the fact that the
sinter plants were closed down in 1978 in Luleå for envi-
ronmental reasons. As an alternative process, cold bond bri-
quetting was proven to be a viable technique, attractive both
economically and environmentally for recycling by-prod-
ucts.7,8) The cold bond briquette plant at SSAB Tunnplåt in
Luleå was started in 1993, and since then most of the iron-
bearing by products have been recycled through the blast
furnace by cold bonded briquetting. At present about 60 kg

of briquettes/thm, which means around five percent of the
total burden material, are charged into BF.8) This limit de-
pends on several variables, such as the properties of by-
products, the zinc content of materials, the strength of the
cold bond briquette and the reduction conditions.

The studies reported in the literature and our investiga-
tions indicate that cold bonded pelletizing is considered to
be the process most recommended for recycling fine dust
and sludge from the comprehensive viewpoint of technical,
economic and environmental aspects.9–12) The objective of
the work presented in this paper is to increase the recycling
of fine sludge and dust disposed normally in landfill by de-
veloping cold bond pelletizing technology. In this paper, the
development and application of the cold bonded pelletizing
are reviewed briefly, the influence of by products, i.e., BF
flue dust, BOF fine sludge and oily mill scale sludge on the
cold strength, capacity and reduction degree of cold bond
pellets was studied on the basis of a statistical procedure.
Additionally, pilot scale pelletizing tests with an optimum
mixture design for the BOF converter are described and the
results of industrial tests on charging cold bonded pellets as
burden material in the BOF converter are presented.
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With the aim to increase the recycling of fine sludge and dust disposed normally in landfill, cold bonded
pelletizing of the sludge and dust using cement as binder was investigated in laboratory scale as well as in
the pilot scale pelletizing plant. The influence of BF flue dust, BOF fine sludge and oily mill scale sludge on
the cold strength, capacity and reduction degree of cold bond pellets was studied experimentally on the
basis of a statistical procedure. With a coarser representative particle size, oily mill scale sludge has the
greatest effect on the cold strength. BF flue dust has a negative effect for increasing both the cold strength
and capacity for levels of over 25% of the mixture. The BOF fine sludge has the positive effect on cold
strength, while its interaction with BF flue dust has the negative effect on reduction degree.

The results of pelletizing tests in pilot scale show that the maximum cold strength (TTH 94%) and capaci-
ty (13–15 t/h) of products is obtained at the conditions given by the optimal mixture design and cure time.
The industrial tests on charging cold bonded pellets as burden material in the BOF converter were de-
scribed. The charging weight of cold bonded pellets varied from 0.5 to 2.5 tons. The results of industrial
tests indicated that the converter process was not subject to any adverse disturbances due to the addition
of 2.5 tons of cold bonded pellets.

KEY WORDS: dust; sludge; recycling; cold bonded pellets; pilot scale tests; industrial tests.



2. Development of the Cold Bonded Pelletizing

2.1. History and Application of Cold Bonded Pelletiz-
ing

The idea of cold bonded pelletizing of fine iron ores orig-
inated in Sweden, where K. J. V Svensson applied for a
Swedish patent.10) Cold bonded pelletizing has some specif-
ic features in contrast to the traditional pelletizing of iron
ores. It consists of (i) material blending with binder (ce-
ment) at lower temperatures; (ii) balling of fines under nor-
mal atmospheric conditions and (iii) pellet self-hardening at
room temperature or at 70–100°C with a relative moisture
of 70%.

The first cold bonded pelletizing plant was put into oper-
ation at Grängesberg, Sweden in 1971 for the agglomera-
tion of fine iron ores.13) Since then, the cold bonded pel-
letizing method has aroused great interest in the world not
only for treatment of iron ores but of other minerals as well.
The cold bonded pelletizing related patents and know-how
in the industry were developed further in some countries,14)

Japan in particular.15,16) In the 1980’s it became evident that
cold bonded pelletization was an economically feasible
method for agglomerating iron ore fines and in particular,
recycling of dust and sludge.

2.2. Factors Effecting the Properties of Cold Bonded
Pellets

The factors effecting the properties and capacity of the
cold bonded pelletizing can usually be classified as three
types: raw materials (by-products and binder); manufactur-
ing techniques; and the requirements of metallurgical prop-
erties.9,16) A summary of factors affecting cold bonded pel-
letizing is shown in Fig. 1.

According to current thinking, the vital metallurgical
properties of the constituents of a BOF converter burden
are those: i) Chemical composition of material such as Fe,
C, S and P; ii) mechanical strength and porosity of pellets;
iii) reducibility and thermoplastic properties. Thus, the
above parameters should not be neglected when assessing
the properties of cold bonded pellets.17) Mechanical
strength is an important property of cold bonded pellets, as
the pellets must often be transported in the steel plant and
must be resistant to compression and degradation caused by
breakage on handling. The properties of cold bonded pel-

lets depend greatly on the chemical and mineralogical com-
position, and physical state, of the material as well as the
production technologies. The by-products are considered to
be very important and variable factors due to the change of
chemical composition and particle size distribution.

2.3. Theoretical Considerations

In consideration of the importance of the cold strength of
cold bonded pellets, the bulk of the work is being carried
out on the basis of agglomeration theories to determine the
binding mechanisms and the cohesive forces involved in the
process. The binding mechanisms of agglomeration were
first defined and classified by H. Rumpf and his co-
workers.9,16) A general formula describing the tensile
strength of agglomerates, which are held together by bind-
ing mechanisms acting at the coordination points, is given
as follows7):

......................(1)

where P is the tensile strength of agglomerates, d is the par-
ticle size of material, d is the wetting angle, j is the coeffi-
cient of pores filled with water, and e is the porosity. The
porosity is calculated using the difference between the true
density and apparent density:

e�(1�r a/r t)�100 (%) ....................(2)

where r a is the apparent density, and r t is the true density.
According to the Eq. (1), the tensile strength of agglom-

erates rises with increasing surface tension and with de-
creasing porosity and grain size values. The equation shows
that sufficient strength can be obtained in such cases by se-
lecting a suitable binding mechanism featuring high adhe-
sion or binding forces, using a powder with a small repre-
sentative particle size, applying suitable curing techniques
that produce permanent bonds with high strength, and in-
corporating temporary additives in the feed.

3. Experimental

3.1. Materials

The dust and sludge used for the experimental studies
were taken from SSAB Tunnplåt in Luleå and the cement
was taken from LuleFrakt Brikett AB. All materials were
sub-sampled respectively into 1–2 kg batches with a rotat-
ing splitter and stored in a cool, dry place. Table 1 shows
the chemical analysis of the materials used for the experi-
mental studies and the pilot scale production of cold bond-
ed pellets charged into the BOF converter. As shown in
Table 1 the sludge and dust are primarily composed of iron
oxide (20–60%), and the remaining main components were
CaO, MgO, SiO2 and Al2O3. Except for BF flue dust and
BOF coarse sludge, the chemical composition of all other
materials are stable in metal oxide forms.

The results of particle size measurements show that the
materials are coarser with ascending order as follows:

cement�BF flue dust�BOF fine sludge�BOF coarse
sludge�oily mill scale sludge

The cement has a fineness of 97% passing 32 mm, which
was determined by laser diffraction. The particle size of BF

P
d

f f d�
�

ϕ
ε

ε
δ

1 1
( ) ( )

ISIJ International, Vol. 44 (2004), No. 4

771 © 2004 ISIJ

Fig. 1. A summary of factors affecting the cold bonded pelletiz-
ing.



flue dust is about 80% passing 250 mm and the other mate-
rials have a wide range of particle size distributions.

3.2. Test Procedure

A 20-kg sample that consists of by-products and cement
was mixed in a drum mixer for 4 min and then the blend
was emptied into a container and was mixed further with
12.5–13.5% water for another 2 min. After mixing again
and sitting for 20 min, the pellet mass was fed into the disc
pelletizer that was run with a rotating speed of 18 rpm at an
angle of 45°. The pellet mass was left to rotate in the pel-
letizer for 20 min. The newly rolled pellets were spread out
onto the floor for 1 h and then stored for an additional 24 h
before sieving. The pellets with a size fraction of 9–12.5
mm were used in the test evaluation.

3.3. Test Evaluation

The test evaluation criteria applied were the tumbler han-
dling strength of cold bonded pellets (TTH), the abrasion
handling strength (ATH), the capacity and the reduction de-
gree of pellets with size fraction 9–12.5 mm. The tumbler
handling strength of cold bonded pellets is the main quality
index used in the iron and steel-making industry. The tum-
bler handling strength index (TTH) is an international stan-
dard method in metallurgical production and these tests
were carried out at LKAB. The TTH apparatus is a 100 cm
wide cylindrical drum that, loaded with 3 kg of pellets sam-
ple with size fraction 9–12.5 mm, is rotated at a standard-
ized speed and time. The pellets and fines are captured after
tumbling and then sieved to fractions of �6 mm and
�0.5 mm. The wt% of the �6 mm fraction is recorded as
the TTH value and the �0.5 mm fraction as the ATH value.
A related statistical procedure was used to conduct reduc-
tion experiments in inert gas over a temperature range of
20–1 200°C. 

3.4. Variables Examined and Design of Tests

The influence of BF flue dust, BOF fine sludge and oily
mill scale sludge on the strength and capacity of cold bond
pellets was studied experimentally. The amount of BOF
sludge, BF flue dust and oily mill sludge were examined
while other by-products and cement as well as pelletizing
operation variables were kept constant. Experimental de-
tails of these groups of tests are presented in Table 2; each
group was designed with a specific purpose.

By using the same reference recipe, the preliminary tests

TP1, TP2 and TP3 were designed to judge the pelletizing
time intervals by comparing the capacity of pellets with the
size fraction 5–12 mm. Tests TP4 and TP5 were used to test
the reproducibility of the results for a pelletizing time of
20 min.

Taking into account the amounts of sludge and dust nor-
mally sent to landfill and the burden requirements of the
converter, full factorial experiments (L1–L11) were de-
signed to examine the effect of by-products; BOF sludge,
BF flue dust and oily mill scale sludge, on the cold strength
and capacity of cold bonded pellets to be charged into the
BOF converter.

4. Experimental Results and Discussion

4.1. Effect of Dust and Sludge on the Strength and 
Capacity of Cold Bonded Pellets

According to our previous studies based on full factorial
design tests,11) the interaction between BF flue dust and
BOF fine sludge was considered to have a negative effect
on the cold strength and capacity of cold bonded pellets at
20°C. The separate effects of BOF fine sludge and BF flue
dust on the cold strength and capacity, however, were less
negative.

Table 3 shows result of factorial design tests, L1 to L11.
The three factors are, A: BOF fine sludge with two levels,
A1 (0 wt%) and A2 (20 wt%); B: BF flue dust with two lev-
els, B1 (20 wt%) and B2 (30 wt%); and C: oily mill scale
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Table 1. Chemical composition of the sludge and dust used
for BOF pellets.

Table 2. Experimental details of cold bound pellets in Lab.

Table 3. Factorial design tests L1–L11 for BOF pellets.



sludge with two levels, C1 (0 wt%) and C2 (10 wt%). The
level ABC (cpt) means the central point test for the three
factors. The estimated effects of each factor for cold
strength are shown in Fig. 2. The effect of a factor is de-
fined as:

effect�(mean response at high level)
�(mean response at low level)

It is clear from Fig. 2 that oily mill scale sludge has the
greatest effect on the cold strength at 20°C. The interaction
between oily mill scale sludge and BOF fine sludge is also
significant for cold strength in comparison with the factors
BF flue dust and the interaction between oily mill sludge
and BF flue dust. These results agree with the theory of Eq.
(1), indicating that with a coarser representative particle
size, oily mill scale sludge is a dominant factor for decreas-
ing the cold strength. Therefore, the pre-treatment of oily
mill scale sludge by using rod grinding should be consid-
ered in the further tests for decreasing the effect of the
coarser particle on the cold strength of cold bonded pellets.
In general, an optimal recipe with sufficient cold strength
and metallurgical requirements can be obtained in such

cases by selecting a suitable percentage of binder and by
products with a small representative particle size, and ap-
plying suitable curing techniques. Test L9 in Table 3 is con-
sidered an optimal recipe due to the high TTH and capacity
values.

4.2. Effect of Dust and Sludge on the Reduction of
Cold Bonded Pellets

TG/DTA/MS experiments were run, using a Netzsch
STA 409C furnace and a Balzers QMG 422, on the cold-
bonded pellet batches L1–L11 to evaluate the effects of
composition on reduction characteristics. Micro pellets
from the �5 mm fraction for batches L1–L11 were heated
from 20 to 1 200°C in an Argon gas environment. The heat-
ing rate was 10°C/min and a mass spectrometer was used to
analyze the gas that evolved from the sample pellets. The
weight loss from heating for each pellet batch is given in
Table 4.

The reduction of these pellets, in inert gas, is nearly com-
plete at 1 200°C. A representative diagram of the informa-
tion attained from these reduction experiments is given in
Fig. 3. Reactions taking place during heating are similar 
for pellet batches L1–L11. Endothermic reactions occur 
at �120, �450, �550, �700, �1 050°C evolving H2O/H2

and CO/CO2 gas mixtures. It is assumed that some initial
evaporation/dehydration and ensuing reduction is occur-
ring.

A comparison of the effect of different factors on the re-
duction degree of pellets is given in Fig. 4. The results from
the statistical evaluation in Fig. 4 show that the interaction
between BOF fine sludge and BF flue dust (BOF*BF) has
the largest negative effect on reduction degree and BOF
fine sludge has the largest positive effect on reduction de-
gree. One goal of the ongoing research is to find a blend of
these factors that give an optimal relation between cold
strength and reduction characteristics.
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Fig. 2. Effects of factors BOF (BOF fine sludge), BF (BF flue
dust) and Mil (Oily mill scale sludge) on the cold
strength of cold bonded pellets.

Fig. 3. TG/DTA diagram for pellet batch L9.

Table 4. The weight loss from heating for each pellet batch.



5. Cold Bonded Pelletizing Tests in Pilot Scale

Pelletizing tests in pilot scale for BOF pellets were car-
ried out at the LuleFrakt Brikett AB in 2001 and an amount
of 74 tons of pellets were produced. The same pilot scale
tests with an upgraded recipe (excluding BF dust) were car-
ried out in 2002 and an amount of 300 tons of pellets were
produced.18)

A test procedure was described in an earlier paper.17)

During the pilot scale tests, the pellet mass was fed by
transport band to a disc pelletizer after material mixing, and
then the produced pellets were sent to a rolled screen. The
pellets with particle size greater than 10 mm were sent to a
container by tractor. The pellets with particle size less than
10 mm were sent back to the disc pelletizer by transport
band.

The recipe R1, based on lab test L9 and recipe R2, ex-
cluding BF flue dust, were used in the pilot scale pelletizing
tests. Table 5 shows some results of the pilot scale pelletiz-
ing test in 2001 and in 2002, which indicates that the cold
strength (TTH values) for all tests were more than 94%
after 24 h, while the capacity of pellets was about 12–15 t/h.
Table 6 shows the chemical analysis of cold bonded pellets
in 2001 and in 2002, indicating that there is relatively little
difference in chemical composition except sulphur content.

6. Industrial Tests on Charging Cold Bonded Pellets
as Burden Material in the BOF Converter

The first group of industrial tests on charging cold bond-
ed pellets as burden material in the BOF converter were
carried out at the NO. 2 converter of SSAB Tunnplåt AB in

2001. Two reference tests without cold bond pellets and
eight tests with cold bond pellets were conducted. The
desulphurized hot metal is poured into the converter after
charging scrap, and then the cold bonded pellets are
charged. The charging weight of cold bonded pellets varied
from 0.5 to 2.5 tons. Table 7 shows the results of industrial
tests, No’s J6396 to J6485, indicating that the contents of
carbon, phosphorus and sulphur in the steel product, from
the pellet tests, are close to the results from reference tests.

Table 8 shows the comparison of the sulphur content in
liquid metal (S-in), before (S-out) and after the converter
(S-BOF), indicating that the sulphur content in the steel
product, for test J6484 with 2.5 ton cold bond pellets,
changed slightly compared with reference test J6396 with-
out pellets.

Figure 5 shows the sludge amount changes which take
place during the blow duration from 1 to 15 min, indicating
that the amount of BOF sludge produced is comparable to
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Table 6. Chemical analyses of pellets in pilot scale pelletizing
tests for BOF converter in 2001 and in 2002.

Table 7. The results of industrial tests on charging cold bond-
ed pellets (0.5–2.5 t) as burden material in the BOF
converter (114 t) in 2001.

Fig. 4. Effects of factors BOF (BOF fine sludge), BF (BF flue
dust) and Mil (Oily mill scale sludge) on the reduction of
cold bonded pellets.

Table 5. TTH and capacity of BOF pellets in pilot scale tests
in 2001 and 2002.

Table 8. Comparison of sulphur content in liquid metal, be-
fore and after the LD converter.



the results from reference tests. In general, the converter
process was not subject to any adverse disturbances due to
the addition of cold bonded by-product pellets.

A second group of industrial tests on charging cold
bonded pellets as burden material in the BOF converter

were carried out respectively at the No. 1 converter and No.
2 converter of SSAB Tunnplåt AB in 2002. The desulphur-
ized hot metal is poured into the converter after charging
pellets and scrap. The charging weight of cold bonded pel-
lets was 2.0 tons. A total amount of about 300 tons of cold
bonded pellets were used in the tests.

Table 9 shows some of the results of both the 1st and
2nd industrial tests regarding the effect of charging cold
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Table 9. Some test results regarding effect of charging cold
bonded pellets on the composition of the slag pro-
duced in the BOF converter in 2001 and 2002.

Fig. 5. The effect of charging cold bonded pellets on the amount
of sludge generated in the BOF converter.

Fig. 6. The effect of charging cold bonded pellets on the composition of slag produced in the BOF converter.



bonded pellets on the composition of the slag produced in
the BOF converter. Further information is given in detail in
Fig. 6, which indicate that chemical composition of slag is
stable with and without addition of cold bonded pellets for
both the 1st and 2nd industrial tests.

In general, similar to the results in 2001, the results of
the second group of industrial tests in 2002 indicated that
the converter process was not subject to any adverse distur-
bances due to the addition of cold bonded by-product pel-
lets, except for some minor boiling problems.

In fact, the boiling that occurs in the BOF converter de-
pends on many factors such as the size of scrap material,
the quality of hot metal, amount of pellets, and other oper-
ating conditions as well. Thus, it is obvious that there is a
need to conduct tests on charging cold bonded pellets as
burden material in the BOF converter under pre-chosen
conditions.

7. Conclusions

The results from batch tests in lab show that with a
coarser representative particle size, oily mill scale sludge
has the greatest effect on the cold strength. The BOF fine
sludge has the positive effect, while its interaction with BF
flue dust has the negative effect on reduction degree. An
optimal recipe with higher capacity and cold strength for
cold bonded pellets was obtained under given conditions.

The pelletizing tests in pilot scale with an optimum pellet
recipe for the BOF converter were carried out. The results
show that the cold strength of cold bonded pellets is higher
than 94% after a curing time of 24 h with a capacity of
13–15 t/h at given conditions. According to the results of
industrial tests on charging cold bonded pellets as burden
material in the BOF converter, there are no adverse distur-
bances to the converter process due to the addition of cold
bonded by-product pellets.
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Abstract

In this investigation, the fundamental reactions occurring during the heat treatment of cold bonded pellets (CBP) comprised of iron and
steelmaking by-products have been studied. Blast furnace (BF) flue dust, which contains fractions of coal and coke particles, has been included
in the CBP blend as a source of solid reductant. Thermal analysis was performed on CBP samples in inert atmosphere at a heating rate of
10 ◦C/min in order to observe their high temperature properties, specifically, the mechanisms of self-reduction within CBPs. Both endothermic
and exothermic reactions were observed during heating. The gases generated during thermal analysis were analyzed using a quadropole mass
spectrometer (QMS). Furthermore, CBP samples heated to several different temperatures and quenched in argon were analyzed using X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Results from this investigation demonstrate that the decomposition of hydrates
and carbonates in CBP samples contribute, as gaseous intermediates, to an earlier reduction of contained iron oxides. The gaseous intermediates
are responsible for an initial gasification of carbon contained in blast furnace flue dust leading to low temperature iron oxide reduction. The
step-wise reduction of iron oxides in CBPs at the given conditions begins at ∼500 ◦C and is nearly completed at 1200 ◦C. This work can help
to provide a fundamental understanding of the reduction characteristics of iron and steelmaking by-product agglomerates.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Cold bonded pellets (CBP); Iron oxide reduction; By-products; Thermal analysis

1. Introduction

In the global steel industry, more than 400 kg of solid by-
product is generated per ton of steel produced. Most of this
by-product (70–80%) is in the form of slag, which after much
research, is now used largely in the cement industry and for
road and civil construction. The remaining solid by-products
can be classified as dusts, sludge and oily/non-oily mill scale.
Traditionally, the majority of generated dust, sludge and scale
are recycled back to the BF by means of the sintering pro-
cess. In Sweden, all sinter plants have been closed due to
environmental regulation thereby halting the consumption of
these solid by-products as recycle in blast furnaces. Barring a
sintering process, the fraction of solid by-products classified
as fine particles (60% of dusts and sludge) is very difficult

∗ Tel.: +46 920 49 13 09; fax: +46 920 49 11 99.
E-mail address: ryan.robinson@ltu.se.

to recycle without extensive pre-treatment and until recently
has been by in large deposited in landfills. These by-products
are problematic to recycle not only because of their small
particle size but also for their high content of impurities of
which the saleable content is not high enough to make further
processing economical [1,2]. In recent years, as costs for de-
positing solid by-products from the steel industry in landfills
have increased due to lack of space and increasing environ-
mental restrictions, the recycling of these solid by-products,
not only to avoid depositing costs but also to recover valuable
iron metal fractions, has become a near necessity. Hence, re-
cycling of various by-products as cold bonded agglomerates
in the BF has become a regular practice in Sweden [3].

The optimization of reduction properties of cold bonded
agglomerates, containing by-product oxides from the steel in-
dustry, is essential for the beneficial recovery and use of the
agglomerated iron and carbon units during recycling. While
there have been earlier studies of the high temperature be-

0040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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havior of metallurgical by-product agglomerates containing
a supplementary carbon source [4,5] and iron ore mixed with
a supplementary carbon source [6], few studies have thor-
oughly investigated the high temperature properties of cold
bonded by-product agglomerate mixes utilizing the carbon
content in BF flue dust as a carbon source in self-reducing
by-product pellets.

The objective of the present work is to describe the ther-
mal behavior of cold bonded pellets containing BF flue dust,
various other metallurgical by-products and Portland cement.
Pellet samples have been tested using thermal analysis cou-
pled with QMS gas analysis at temperatures ranging from 20
to 1250 ◦C in argon gas. Thermal analysis results are com-
plemented with phase and morphological investigations.

2. Materials and methods

2.1. Cold bonded by-product pellets (CBPs)

Samples of prefabricated CBPs having a composition sim-
ilar to that of cold bonded briquettes currently recycled in the
BF at SSAB Tunnplåt AB in Luleå, Sweden were investi-
gated. The pellets were produced on a lab scale basis using
the following procedure: 20 kg sample that consists of by-
products and cement was mixed in a drum mixer for 4 min,
then the blend was emptied into a container and mixed with
water (12.5–13.5 wt.%) for another 2 min. After mixing again
and left standing for 20 min, the pellet mass was fed into
the disc pelletizer run at a rotating speed of 18 rpm and an
angle of 45◦. The pellet mass was left to rotate in the pel-
letizer for 20 min. The green pellets were spread out onto
the floor and left to cure for 1 h. Afterwards, the pellets were
stored in a container for an additional 24 h before sieving.
Pellets in the size fraction of 9–12.5 mm were used in this
study.

The CBP blend contains basic oxygen furnace (BOF) fine
and coarse sludge, BF flue dust, diverse filter dusts and cold
bonded briquettefines. Contents of scrapfines, present in cold
bonded briquettes currently recycled at SSAB Tunnplåt AB,
were excluded from the CBP blend due to their incompatible
particle size. The chemical composition of the raw materials

Table 2
Pellet composition and particle size of materials

Material Wt.% −100 �m fraction (%)

BOF coarse sludge 35 34.3
BOF fine sludge 20 39.3
BF flue dust 20 57.9
Briquette fines 10 12.9
Portland cement 10 100.0
Filter dust 5 100.0

Total 100 47.7

in CBPs is given in Table 1 as well as the pellet composition
and particle size in Table 2.

2.2. Thermal analysis

A Netzsch STA 409 instrument equipped with simulta-
neous thermogravimetric (TG), differential thermal analy-
sis (DTA) coupled with a QMS was used to study the high
temperature properties of CBPs. The sensitivity of this STA
instrument is ±1 �g. A schematic diagram of the thermal
analysis instrument is given in Fig. 1. An initial sample
was prepared by crushing and grinding 50 g of CBPs to
a size of −75 �m and was thoroughly mixed in order to
homogenize the material for subsequent thermal analysis
experiments.

Two types of tests were performed on the CBP sample.
First, to determine the temperature intervals of interest, dy-
namic TG/DTA/QMS tests were conducted on sub-samples
weighing ∼70 mg. Two alumina crucibles, one containing
alumina powder as a reference and the other a CBP sample,
were heated from 20 to 1200 ◦C at a heating rate of 10 ◦C/min
in argon with a constant flow rate of 200 ml/min.

Second, to investigate phase and morphology structure at
various temperatures, additional TG tests were conducted on
sub-samples weighing between 2 and 2.5 g. A larger alumina
crucible with CBP sample was used for TG experiments, ex-
clusive of DTA and QMS analysis, with a heating program
comprised of a controlled dynamic heating to various temper-
atures and then an isothermal heating for 1 h. The temperature
versus time layout for the experiments is given in Fig. 2. The
dynamic heating rates ranged from 5 to 10 ◦C/min and ar-

Table 1
Chemical composition of raw materials for cold bonded pellets (wt.%)

BOF fine BOF coarse Filter dust BF-1 flue BF-2 flue Portland cement Briquette fines

Fetot 53.70 74.40 65.80 30.80 35.60 2.40 39.3
CaO 13.90 9.62 0.56 6.54 6.52 62.00 16.60
SiO2 1.04 1.97 1.65 4.12 4.39 20.00 6.44
MnO 0.97 0.94 0.26 0.74 0.59 – 0.97
P2O5 0.07 0.14 0.05 0.04 0.05 – 0.11
Al2O3 0.10 0.15 0.39 1.54 1.55 4.40 1.96
MgO 3.35 3.19 1.16 1.34 1.72 3.05 3.27
K2O 0.05 0.04 0.31 0.03 0.04 1.40 0.10
TiO2 0.09 0.31 0.23 0.20 0.29 – 0.49
Cr2O3 0.06 0.08 0.19 0.03 0.05 – 0.11
C 1.64 1.01 0.55 35.3 30.6 – 11.7
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Fig. 1. Thermal analysis instrument.

Fig. 2. Temperature vs. time for the thermal analysis experiments.

gon gas was used as in the first experiments. The precision,
defined as 2σ, of TG data for all tests was ±1.95 wt.%.

2.3. Reduction degree

Due to the relative small sample sizes used in this in-
vestigation, chemical analysis of the samples after thermal

treatment was not feasible. Therefore, an attempt to calculate
reduction degree was done using results from chemical anal-
ysis, TG/DTA analysis and gas analysis (intensities ICO and
ICO2 given in Table 3) in Eqs. (1)–(3). Reduction degree has
been defined as follows:

RD (%) =
[
�mO,red

mO,initial

]
× 100 (1)

where RD (%) is the reduction degree, �mO,red is the change
in mass due to oxygen removal from iron oxide, mO,initial is
the initial mass of oxygen bound to iron,

mO,initial=100 − mFetot − moxides − mCO2,carbonates − mH2O

(2)

where mFetot is the initial wt.% of total Fe from chemical anal-
ysis, moxides is the initial wt.% of oxides other than iron oxide
from chemical analysis, mCO2,carbonates is the initial wt.% of
CO2 from TG data in the temperature transition 680–760 ◦C,
mH2O is the initial wt.% of H2O from TG data in the temper-

Table 3
Maximum CO and CO2 gas intensities (I) for a CBP sample at different temperature intervals

Temperature range ICO ICO2 ICO/(ICO + ICO2 ) ICO2 /(ICO + ICO2 )

500–600 ◦C 1.89E − 10 3.99E − 10 0.32 0.68
600–750 ◦C 6.43E − 10 1.46E − 09 0.31 0.69
750–850 ◦C 5.94E − 10 1.10E − 09 0.35 0.65
850–950 ◦C 1.16E − 09 2.78E − 10 0.81 0.19
950–1200 ◦C 4.10E − 09 8.09E − 10 0.84 0.16
S.E. – – 0.01 0.01
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ature transition 40–480 ◦C,

�mO,red = �mtotal,red

×
[

MOICO

MCO(ICO + ICO2 )
+ MO2ICO2

MCO2 (ICO + ICO2 )

]

(3)

where �mtotal,red is the wt.% total change in mass from
TG data in the temperature transitions 480–680 and
760–1200 ◦C, Mx is the molecular weight of “x”, Iy is the
maximum intensity of gas “y” from QMS data in the temper-
ature transitions.

Some assumptions were made to facilitate the calculation
of reduction degree: H2O vaporization and dehydroxylation
are the lone causes for weight loss during the temperature
transition 40–480 ◦C, CO2 generation from the decomposi-
tion of carbonates is the lone cause for weight loss during
the temperature transition 680–760 ◦C, CO/CO2 generation
from exclusively iron oxide reduction, and solid carbon gasi-
fication leading to iron oxide reduction, is the lone cause for
weight loss during the temperature transitions 480–680 and
760–1200 ◦C.

2.4. Phases and morphology

CBP samples from TG experiments heated to tempera-
tures ranging from 20 to 1250 ◦C were studied using XRD
and SEM. A Siemens D5000 X-ray powder diffractometer
using Ni filtered Cu K� radiation at 40 kV and 50 mA was
used for phase analysis of samples. The morphology of dif-
ferent samples was investigated using a Philips XL 30 SEM
equipped with energy dispersive spectra (EDS) analysis for
chemical mapping.

3. Results and discussion

3.1. TG/DTA/QMS and reduction degree

Fig. 3 shows the TG/DTA/QMS results of heating a CBP
sample from 20 to 1200 ◦C at 10 ◦C/min in 200 ml Ar/min.
Refer to this figure for QMS results when comparing with
later figures. The results show agreement with previous
work [6,7]. Free moisture is detected from gas analysis
in the temperature range of 100–200 ◦C with ca. 1.6 %wt.
loss and a broad endothermic peak in the DTA curve. At
temperatures between 300 and 460 ◦C, chemically bonded
water is released with ca. 2.5 %wt. loss accompanied by
small endothermic peaks and H2O generation. Presumably,
a decomposition of hydrates has occurred as seen in Fig. 4
illustrating the derivative thermogravimetry (DTG) and
derivative differential thermal analysis (DDTA) curves.

Between 450 and 600 ◦C, CO2 > CO/evolution is observed
with ca. 1.7 %wt. loss. On closer examination shown in Fig. 5,
an endothermic peak occurs in the DDTA curve at 500 ◦C
indicating possible carbon gasification at this temperature.

Fig. 3. TG/DTA/QMS results of CBP sample.

Fig. 4. DTG/DDTA between 200 and 400 ◦C.

Fig. 5. DTG/DDTA between 450 and 600 ◦C.
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Fig. 6. DTG/DDTA between 600 and 685 ◦C.

Then an exothermic peak occurs at 550 ◦C indicating possible
iron oxide reduction in this temperature interval.

Next, a new transition occurs in the temperature range of
600–685 ◦C with ca. 2.3 %wt. loss coinciding with an en-
dothermic peak and an exothermic peak, and CO2 � CO gas
evolution. Fig. 6 shows a closer view of this temperature in-
terval highlighting possible iron oxide reduction occurring
first as an endothermic reaction at approximately 640 ◦C and
then as a small exothermic reaction at 660 ◦C.

In the temperature range of 685–800 ◦C, a transition oc-
curs with two reactions supported by a pair of peaks, en-
dothermic and exothermic, and CO2 > CO evolution with
4 %wt. loss. The first reaction is possibly a decomposition
of carbonates occurring at approximately 700 ◦C and the
second reaction a carbon deposition at 760 ◦C as shown in
Fig. 7.

Above 800 ◦C, a large transition occurs with ca. 16% total
wt. loss in Fig. 3. In the range of roughly 800–900 ◦C, a small
amount of iron oxide reduction can occur coinciding with
an endothermic peak at 820 ◦C and CO > CO2 generation in
Fig. 8. Then, some sort of decomposition seems to occur with
an endothermic peak at 880 ◦C and CO > CO2 generation.
In the temperature range of 900–1000 ◦C, further iron oxide
reduction can occur corresponding with a large endothermic
peak at 950 ◦C and CO � CO2 generation.

Fig. 7. DTG/DDTA between 680 and 800 ◦C.

Fig. 8. DTG/DDTA between 800 and 1000 ◦C.

Fig. 9. DTG/DDTA between 1000 and 1200 ◦C.

Between 1000 and 1200 ◦C, an endothermic peak occurs
at roughly 1040 ◦C and a subsequent exothermic peak oc-
curs at 1100 ◦C with CO � CO2 generation. These reactions
are proposed in Fig. 9 as carbon gasification and iron oxide
reduction.

Fig. 10 shows the calculated reduction degree (RD) at
different temperatures during thermal analysis of CBP sam-
ples. Iron oxide reduction seems to start in a relatively low
temperature range, between 500 and 600 ◦C. A possible ex-
planation is that some carbon gasification, catalyzed by H2O
from dehydroxylation of hydrates, has occurred resulting in

Fig. 10. Calculated reduction degree of CBP sample heated in Ar from 20
to 1200 ◦C.
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Fig. 11. XRD analysis of CBP samples heated at different temperatures.

local CO generation leading to reduction of Fe2O3 to Fe3O4
(RD = 9.57%). In the next transition, 600–750 ◦C, Fe3O4 can
partly reduce to FeO and then to Fe (RD = 22.45%) cou-
pled with local carbon gasification. During the transition
from 750 to 850 ◦C (RD = 26.29%), reduction of iron ox-
ide is limited possibly due to carbon deposition during this
temperature interval. Between 850 and 950 ◦C, reduction of
FeO (RD = 37.52%) could occur with CO2 generation lead-
ing to substantial carbon gasification and a calculated com-
plete reduction of iron oxide (RD = 101.95%) in the range of
950–1250 ◦C.

3.2. TG and XRD analysis

CBP samples were loaded in to an alumina crucible
and heated to various temperatures and then held at these
temperatures for 1 h in order to attempt an approach to
equilibrium conditions, see Fig. 2. After the 1 h isotherm,
furnace effect was stopped and the samples were left to
cool in Ar gas until room temperature was reached. Samples
heated above 1000 ◦C were submitted to a controlled
cooling at −20 ◦C/min until 800 ◦C when furnace effect was
completely stopped.

At room temperature, the raw sample contains mostly
CaCO3, Fe3O4, Fe2O3, FeO and Fe, with minor phases of
various calcium silicate hydrates, carbon and Ca(OH)2, see
Fig. 11. At 500 ◦C (3.92% total wt. loss), the hydrates in the
sample have disappeared. The main reaction occurring below
500 ◦C is:

Me(OH)2 = MeO + H2O (4)

with Me representing Ca or Mg. At 600 ◦C (5.87% total wt.
loss), peaks of Fe2O3 have disappeared supporting a reduc-
tion to Fe3O4 below this temperature. The reduction is pro-
posed to occur through gaseous intermediates, with CO as the

reducing gas, based on noticeable CO2 generation between
500 and 600 ◦C in Fig. 3, possibly by the following reactions:

H2O + C = CO + H2 (5)

3Fe2O3 + CO = 2Fe3O4 + CO2 (6)

At 750 ◦C (10.83% total wt. loss), peaks of Fe3O4 and CaCO3
have decreased while peaks of FeO, CaO and Ca2Fe2O5 have
increased thereby supporting the occurrence of complex car-
bonate decomposition at 700 ◦C shown in Fig. 7. The phases
detected in XRD also agree with some of the reported phases
in Fig. 12 at 700 ◦C and 65% CO2/CO mixing ratio. This
complex decomposition is most likely comprised of multiple
elementary reactions of which the number and order of re-
actions has not been considered at this time, but a proposed

Fig. 12. Fe–Fe2O3–CaO system as a function of CO2/CO mixing ratio;
C = CaO, F = Fe2O3, W = FeO.
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Fig. 13. SEM images of the raw CBPs.

overall reaction is given in Eq. (7). Small peaks of Fe3C ap-
pear at 750 ◦C as well supporting possible carbon deposition
starting at roughly 740 ◦C. The possible reactions occurring
below 750 ◦C are:

Fe3O4 + 3CaCO3 + 2Fe = Ca2Fe2O5 + 3FeO + CaO

+2CO + CO2 (7)

3FeO + 5CO = Fe3C + 4CO2 (8)

At 850 ◦C (11.70% total wt. loss), the Fe3O4 peaks dis-
appear while peaks of FeO and Fe3C increase. Possi-
bly, the Fe3O4 remaining after Ca2Fe2O5 formation re-
duces to FeO, 820 ◦C in Fig. 8, according to the following
reaction:

Fe3O4 + CO = 3FeO + CO2 (9)

The resulting FeO in turn facilitates further Fe3C formation
via Eq. (8) between 740 and 800 ◦C.

At 950 ◦C (14.95% total wt. loss), peaks of CaO,
Ca2Fe2O5 and Fe3C have decreased while peaks of FeO and
Fe have increased. A partial decomposition of Ca2Fe2O5 be-
low 950, 880 ◦C in Fig. 8, would result in an increase of
FeO and Fe in the sample. Furthermore, Fe3C could reduce
some FeO in the sample producing metallic Fe, 950 ◦C in
Fig. 8.

Ca2Fe2O5 + 2CO = FeO + Fe + 2CaO + 2CO2 (10)

FeO + Fe3C = 4Fe + CO (11)

At 1250 ◦C (25.87% total wt. loss), the sample contains pre-
dominately metallic Fe, Gehlenite (Ca2Al2SiO7) and Peri-
clase (MgO) with some other minor calcium silicate phases.
A large generation of CO in Fig. 3 between 950 and 1200 ◦C
coupled with the peaks in the DDTA curve in Fig. 9 signifies
extensive carbon gasification, Eq. (12), in this temperature
interval leading to nearly complete reduction of iron oxide in
Eq. (13).

C + CO2 = 2CO (12)

FeO + CO = Fe + CO2 (13)

Fig. 14. SEM image of CBP sample heated to 500 ◦C.

Fig. 15. SEM image of CBP sample heated to 600 ◦C.

3.3. SEM analysis

Samples from the TG experiments were cast in epoxy resin
and polished before observation with SEM. The chemical
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Fig. 16. SEM images of a CBP sample heated to 750 ◦C.

composition at spots designated by numbers in Figs. 13–16
was investigated using EDS. For a summary of EDS results
refer to Table 4. In Fig. 13, the morphological aspect of a raw
CBP sample is shown. The micrograph to the left shows an ar-
ray of discreet particles with various sizes partially enveloped
in larger areas of calcium ferrous silicate phases containing
some macropores. A typical coke particle is seen below and
to the right of spot 3. A separate image of a single particle ap-
pears to the right in Fig. 13. This particle has some dendritic
structure indicating previous smelting of the metallic phases.
The dendrites contain elements Fe > Si and the surrounding
areas contain Si > Al > Ca > Fe.

Fig. 14 shows the microstructure of a CBP sample after
heating to 500 ◦C. Here, it is evident that much of the hydrate
phase present in the raw material has thermally decomposed.
Compared to Fig. 13, particle sizes are much smaller and
structural deterioration is observed in some particles (circled
in white).

Fig. 15 shows morphological aspects of a CBP sample
heated to 600 ◦C. Evidence of some hematite reduction is
present in the form of magnetite lamellae (circled in white)
as well as some local oxidation of metallic iron with a dense
iron core, spot 6 and a porous iron oxide shell. A general
increase in porosity in the sample at 600 ◦C compared to

Table 4
Summary of EDS image and spot analysis

SEM image Major elements Minor elements Possible phases

Raw CBP (Fig. 13) Ca, Fe, Si O, Mg, Al
Spot 1 Si O SiO2
Spot 2 Si, Mg, O Ca, Fe Cax(Fe,Mg)ySiOz
Spot 3 Fe O FexOy
Spot 4 Ca Fe, O, Si CaxFeySiOz
Spot 5 Ca Fe CaxFey

500 ◦C CBP (Fig. 14) Fe, Ca O, Si, Mg, Al
Spot 1 Fe O FexOy
Spot 2 Fe, Ca O, Si, Mg, Al Cax(Mg,Fe,Al)ySiOz
Spot 3 Ca, Si, Mg O, Al Cax(Mg,Al)ySiOz
Spot 4 Ca, Si O, Mg, Al, K, Fe Cax(Mg,K,Al,Fe)ySiOz
Spot 5 Al, Mg O MgxAlyOz

600 ◦C CBP (Fig. 15) Ca, Fe Si, O, Mg, Al
Spot 1 C K, Fe, Ca (Ca,Fe,K)xCy
Spot 2 Ca, Mg, Fe Si, Mn, O, Ti Cax(Mg,Fe,Mn,Ti)ySiOz
Spot 3 Si K, Al, O KxAlySiOz
Spot 4 Fe O, Si FexSiOy
Spot 5 Ti, Ca Fe, Si, Al, O, K Cax(Fe,Al,Ti,K)ySiOz
Spot 6 Fe – Fe

750 ◦C CBP (Fig. 16), left side Ca, Fe, Si O, Al, Mg
Spot 1 Fe – Fe
Spot 2 Ca, Si Ti, Mn, Fe, O Cax(Fe,Mn,Ti)ySiOz
Spot 3 Fe – Fe
Spot 4 Si, Ca Mn, K, O, Fe, Ti Cax(K,Fe,Mn,Ti)ySiOz
Spot 5 Ca, Si Fe, Ti, Mn, Mg, O Cax(Mg,Fe,Mn,Ti)ySiOz
Spot 6 Ca, O �Fe, Si CaO

750 ◦C CBP (Fig. 16), right side, particle shell Fe, Ca O CaxFeyOz
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Fig. 17. SEM EDS mapping image from CBP sample heated to 850 ◦C.
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Fig. 18. SEM EDS mapping image from CBP sample heated to 950 ◦C.



122 R. Robinson / Thermochimica Acta 432 (2005) 112–123

Fig. 19. SEM EDS mapping image from CBP sample heated to 1200 ◦C.
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500 ◦C indicates possible local gas evolution around some
individual particles.

Fig. 16 contains two micrographs from a sample heated
to 750 ◦C. The images show that significant change has oc-
curred in the sample between 600 and 750 ◦C. In the left
image, a calcium ferrous oxide phase has accumulated as a
shell around large metallic iron particles, spots 1 and 3, with
inclusions, spots 4 and 5. Smaller particles of iron oxide, coke
and slag (spot 2) lie in the vicinity of the larger metallic iron
particles and even some traces of CaO shown in spot 6. The
image to the right supports the proposed complex carbonate
decomposition in Eq. (7).

Fig. 17 shows EDS mapping of a sample after heat treat-
ment to 850 ◦C. The micrograph in the upper left corner of
the figure shows the analog image of the entire sample while
the remaining micrographs show the dispersion of various
elements in the sample. Elements Fe, Ca and O dominate the
image with minor amounts of Si, Mg, Al, K and Mn. The
majority of Fe content overlaps with Ca content in the sam-
ple except for smaller metallic Fe particles and some larger
porous iron oxide particles. Si, K and Al content overlap with
each other while Mg overlaps with Ca and Mn with Fe.

Fig. 18 shows the EDS mapping results from a sample
heated to 950 ◦C. Areas containing Fe in the sample show
large amounts of disintegration except for small amounts of
dense metallic iron formation. This could possibly be ex-
plained by large Ca2Fe2O5 particle’s dissolution to smaller
CaO, FeO and Femet particles in Eq. (10) coinciding with
extensive gas evolution in Eqs. (11) and (12). Silicon oxide
content is large in certain particles, possibly as a remnant
from carbon gasification of coke and coal particles. Calcium
dominates the sample combining with other elements form-
ing a slag matrix.

At 1200 ◦C, the morphology of the CBP sample is domi-
nated by metallic iron formation surrounded by calcium sili-
cate slag with minor inclusions of Al, Mg, Mn and V. Fig. 19
illustrates these SEM results.

4. Conclusions

These conclusions can be drawn from the current
work:

• With the given conditions, heat treatment of the CBP sam-
ple from 20 to 1200 ◦C at 10 ◦C/min in 200 ml Ar/min,
100% calculated reduction degree of contained iron ox-
ides is possible.

• Hydrates and carbonates in the CBP sample play a
significant role in the reduction characteristics of iron
oxides.

• Fe2O3 is reduced to Fe3O4 between 500 and 600 ◦C.
• Carbonate decomposition occurs as part of a complex se-

ries of reactions initiating at ∼700 ◦C under given condi-
tions forming Ca2Fe2O5 among other products.

• Fe3O4 is reduced to FeO and between 640 and 850 ◦C.
• FeO is reduced to Fe between 850 and 1200 ◦C.
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Proc., Toronto, Canada, 1998, pp. 1263–1273.

[4] M.C. Mantovani, C. Takano, The strength and high temperature be-
haviours of self-reducing pellets containing EAF dust, ISIJ Int. 40 (3)
(2000) 224–230.

[5] J.A.C. Lopez, et al., Development of B.F. Flue Dust Briquette for
Recycling in BOF at AHMSA, ICSTI, Toronto, Canada, 1998, pp.
1275–1279.

[6] G.-s. Liu, et al., Thermal investigations of direct iron ore reduction
with coal, Thermochim. Acta 410 (2004) 133–140.

[7] R.T. Wargo, et al., Evaluation of cold-bonded revert briquettes at the
USS Gary No. 8 blast furnace, in: Ironmaking Conf. Proc., vol. 50,
Washington, DC, 1991, pp. 69–87.



IV





A MECHANISTIC STUDY OF Ca(OH)2 DEHYDRATION IN THE 
PRESENCE OF GRAPHITE OR HEMATITE IN RELEVANCE TO 
REACTIONS IN AGGLOMERATES OF IRON AND STEELMAKING 
BY-PRODUCTS

R. Robinson1, F. Patisson2, N. Menad3 and. B. Björkman1

1Luleå University of Technology, SE-97187 Luleå, Sweden 
2LSG2M, Nancy-Université, Parc de Saurupt, CS 14234, F-54042 Nancy Cedex, France 

3Bureau de Recherche Géologique et minière, C. Guillemin, PB. 360009, 45060 Orléans cedex 2-France 

Abstract

The optimization of reduction properties of cold bonded agglomerates, containing iron and 
steelmaking by-product oxides, is essential during recycling of said agglomerates. Metal hydrate 
content in cold bonded by-product agglomerates can play a significant role in the low 
temperature self-reduction of cold bonded agglomerates; specifically the decomposition of 
hydrated lime can promote the low temperature direct reduction of iron oxides by solid carbon 
through gaseous intermediates. In this study we have attempted to explain the complex 
reactions that occur during the dehydration of Ca(OH)2, in the presence of solid carbon 
alternatively Fe2O3, 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. Simultaneous thermo-gravimetric (TG) and differential thermal analysis (DTA) was 
performed on reagent grade sample mixes of Ca(OH)2/C and Ca(OH)2/Fe2O3 using several 
different heating rates from 3-20°C/min in a temperature range of 20-600°C in inert (Ar) 
atmosphere. Furthermore, selected samples were investigated using X-ray diffraction (XRD) 
analysis and electron microscope (SEM) analysis. Comparative analysis of the results reveals 
details of the different reaction processes involved in each system. Under the current 
experimental conditions; Ca(OH)2 follows a reaction mechanism described by consecutive nth-
order and 2-dimensional phase boundary reaction models, the system Ca(OH)2+C follows a 
reaction mechanism described by consecutive second-order, 2-dimensional phase boundary, 
and nucleation-growth reaction models, and the system Ca(OH)2+Fe2O3 follows a reaction 
mechanism described by consecutive second-order and 2-dimensional phase boundary 
reaction models. 

1. Introduction 

Traditionally, the majority of generated residual dust, sludge and scale from integrated iron and 
steelmaking are recycled back to the blast furnace (BF) by means of the sintering process. In 
Sweden, sinter plants have been closed due to environmental regulation thereby halting the 
conventional consumption of these solid by-products as recycle in the BF. Barring a sintering 
process, the fraction of solid by-products classified as fine particles (60% of dusts and sludge) is 
very difficult to recycle without extensive pre-treatment. These by-products are problematic to 
recycle not only because of their small particle size but also for their high content of impurities of 
which the saleable content is not high enough to make further processing economical [1], [2]. In 
recent years as costs for land filling solid by-products from the steel industry have increased, the 
recycling of these solid by-products, not only to avoid depositing costs but also to recover 



valuable iron metal fractions, has become a near necessity. Hence, recycling of various by-
products as cold bonded agglomerates in the BF has become a regular practice in Sweden and 
recycling in the BOF has gained acceptance in other plants around the world [3]-[7]. 

The optimization of reduction and strength properties of cold bonded agglomerates, containing 
by-products from the steel industry, is essential in order to ensure adequate properties of 
recycled agglomerates prior to softening and melting in the BF process. By-product dusts and 
sludge from iron and steelmaking furnaces contain considerable amounts of iron oxides, 
hydrated lime and carbon [8], [9]. Previous studies by the authors [9], [10], have shown that by-
product material as well as reagent mixes simulating by-product chemistry, when heat treated 
under inert conditions, show evidence of carbon gasification via thermal decomposition of 
calcium hydroxide resulting in subsequent reduction of iron oxide through gaseous 
intermediates, see Figure 1. 

 
Figure 1. TG/DTA/QMS results of cold bonded pellet sample in argon [9]. 

Additionally, 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 CO(g), CO2(g), H2(g) and H2O(g) [11]. 

Various studies have been found in the literature concerning gasification of carbonaceous 
material in the presence of different metal-based sorbents/catalysts, mostly at elevated pressure 
~20 MPa [12]-[14]. Results from S. Sato et al. have shown that water contained in Ca(OH)2 



molecules is sufficient to produce H2(g) from reaction with carbon content in samples of a 
vacuum reside of Arabian light crude oil at temperatures above 600°C and pressures 4-5 MPa 
[15]. 

Therefore, the objective of the present work is to study the mechanisms of reaction in the 
Ca(OH)2-C and Ca(OH)2-Fe2O3 systems at temperatures below 600°C and ambient pressure. 
The chemical reactions of most importance to this study are listed below: 

Ca(OH)2 = CaO + H2O      (1) 

C + H2O = CO + H2      (2) 

CO + H2O = CO2 + H2      (3) 

2CO = CO2 + C      (4) 

2CaO + Fe2O3 = Ca2Fe2O5     (5) 

2. Experimental 

2.1 Materials 

The raw materials used in this study are all laboratory grade reagents. Calcium hydroxide, 
99.8% pure powder, was supplied from Riedel-deHaen; Hematite, 99.8%(metals basis) pure 
and -325 mesh powder, was supplied from Alfa Aesar; Graphite, 99% pure and -300 mesh, was 
supplied from Alfa Aesar. The particle size distributions of the reagents used are given in Figure 
2. The reagent mixtures used during experimental work are shown in Table 1. 
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Figure 2. Particle size distribution of reagent graphite and hematite 

Table 1 Mix compositions in wt% 

Sample Ca(OH)2 C Fe2O3

1 100 - - 
2 60.7 39.3 - 
3 58.2 - 41.8 

 



2.2 Methods 

A Netzsch STA 409 instrument equipped with simultaneous thermo-gravimetric (TG) and 
differential thermal analysis (DTA) was used to study the properties of samples 1-3. The 
sensitivity of the TG balance is ± 5 g. 

Two types of tests were performed on the samples. First, dynamic TG/DTA tests were 
conducted on samples weighing between 50-60 mg heated from 20°C to 600°C at different 
heating rates ranging from 3-20°C/min in argon with a constant flow rate of 100 ml/min. 
Cylindrical -Al2O3 crucibles with a diameter of 6 mm and a capacity of 300 l were used in 
these tests. The TG results were later evaluated with a kinetics software package and some 
selected samples were analyzed using a Philips XL 30 scanning electron microscope. 

Second, to investigate phase changes in the samples, different TG tests were conducted on 
select samples. These samples were heated from room temperature at 10°C/min in argon to 
various temperatures, then the furnace was turned off and the samples left to cool naturally in 
flowing argon. Cylindrical -Al2O3 crucibles with a diameter of 17 mm and a capacity of 3.4 ml 
were used in these tests. Samples were later analyzed using a Siemens D5000 X-ray powder 
diffractometer using Ni filtered Cu K  radiation at 40 kV and 50 mA. 

2.3 Kinetic Analysis 

TG results from experiments have been analyzed using the Netzsch Thermokinetic software 
package [16]. In the kinetic analysis, experimental TG results have been expressed as reaction 
extent ,  

)/()( fii WWWW      (6) 

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

A multi-curve method has been applied to the non-isothermal 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): 

RTEfAdtd //ln/ln      (7) 

The software provides values for the activation energy, E, and the logarithm of the pre-
exponential factor, log 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 systems; Ca(OH)2, Ca(OH)2-C and 
Ca(OH)2-Fe2O3 within the temperature range of 300-600°C. The kinetic models appearing in this 
study are summarized in Table 2. 

 



Table 2 Kinetic models used in the rate equation, d /dt = -Aexp(-Ea/RT)f( ) 

Code g( ) f( ) Kinetic model type 
Fn (1/(1- )n-1)-1 (1- )n nth-order 
R2 1-(1- )1/2 2(1- )1/2 Two-dimensional phase boundary 
R3 1-(1- )1/3 3(1- )2/3 Three-dimensional phase boundary 
B1 ln( /(1- )) (1- )  Prout-Tompkins autocatalysis 
An (-ln(1- ))1/n n(1- )[-ln(1- )](n-1)/n Avrami-Erofeev n-dimensional nucleation/growth
D1 2 1/2  1D-diffusion 
D2 ln(1- ) -1/ln(1- ) 2D-diffusion 
D3 [1-(1- )1/3]2 [3(1- )2/3]/[2[1-(1- )1/3]] 3D-diffusion 

3. Results and Discussion 

3.1 TG/DTA results 

The TG results of samples 1-3 are given in Figure 3. Samples 1 and 3 have wt. losses that are 
comparable to but slightly less than the specific theoretical wt. loss of Ca(OH)2 dehydration 
(dashed horizontal line in figures) for each sample composition. The reason for this is minor 
carbonate contamination of the reagent hydroxide (confirmed by XRD) which is practically 
unavoidable. Conversely, the wt. loss in sample 2 is more than that which can be attributed to 
hydroxide dehydration. This leads to a conclusion that in sample 2, dehydration isn’t the only 
chemical reaction occurring between 300 and 600°C. 
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Figure 3 TG results of samples 1-3 at different heating rates ( = 3, 5, 7, 10, 15, 20 °C/min) 

Table 3 shows the peak wt. loss temperature for all samples at the different heating rates used 
in this study. When using sample 1 as a reference, the peak temperatures for samples 2 & 3 are 
similar is some aspects but differ in others. On one hand, the weight loss in samples 2 & 3 
seems to be less heating-rate dependent than sample 1 because the temperature interval 



between the minimum and maximum peak temperatures is less than that for sample 1. On the 
other hand, both samples 2 & 3 reach maximum rates of weight loss at higher temperatures 
than sample 1 for heating rates lower than 7°C/min, whilst at higher heating rates of 15 and 
20°C/min, sample 3 has peak temperatures that are less than those for sample 1. 
 
A comparison of DTA results for all samples heated at 10°C/min (median representative of all 
heating rates) is given in Figure 4. Calculation of the peak areas reveals that the peak area of 
sample 2 is roughly 20% larger and that of sample 3 roughly 20% smaller than the peak area of 
sample 1. Considering that the content of Ca(OH)2 is more or less the same for both samples 2 
& 3 the difference in heat flow is substantial. 
 

Table 3 Peak temperature °C for weight loss of samples 1-3 

 Heating rate °C/min 
sample 3 5 7 10 15 20 

1 419.6 438.9 451.1 461.4 471.5 480.9 
2 446.2 470.9 471.2 483.9 496.1 499.3 
3 424.4 439.7 450.6 464.7 466.1 475.3 

 

 
Figure 4 DTA results of samples 1-3 at 10°C/min  

3.2 XRD results of raw samples and heat treated samples (10°C/min) 

Larger amounts, ~2 grams, of samples 2 and 3 were heated at 10°C/min from room 
temperature to 500°C under the same conditions as earlier tests in order to investigate the 
phase and crystal structure changes which occur. Results for sample 2 are given in Figure 5 
and for sample 3 in Figure 6. As expected, the phases identified in sample 2 after heat 
treatment were, in order of decreasing intensity; CaO, C and CaCO3. In sample 3 the identified 
phases were, in order of decreasing intensity; Fe2O3, CaO, CaCO3 and Ca2Fe2O5. Full width 
half magnitude (FWHM) measurements were used for qualitative crystallite parameter 
comparisons using the Scherrer equation [17]: 

hkl

KL
cos

      (8) 



where K  1,  = 0.154 nm for Cu K  radiation,  = FWHM, hkl = the Bragg angle. Results are 
shown in Table 4. 
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Figure 5 XRD analysis of sample 2 (Ca(OH)2+C) before and after heat treatment 
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Figure 6 XRD analysis of sample 3 (Ca(OH)2+Fe2O3) before and after heat treatment 

A comparison of the (002) graphite peak of sample 2 before and after heating shows an 
increase in FWHM and peak intensity after heat treatment to 500°C. An increase in FWHM 
commonly indicates a decrease in particle size and crystallinity but this would also correspond 
with a decrease in peak intensity, which is not the case here. Conversely, crystallite parameter 
calculations suggest that the average crystallite volume increases slightly or not at all. Using an 
interpretation of the mechanism suggested by Kercher and Nagle [18], steam generated from 
Ca(OH)2 decomposition could facilitate the conversion of disordered carbon content along the Lc 
dimension into ordered graphene along the La dimension resulting in micropore/microcrack 
formation in the graphite solid but resulting in little or no bulk crystallite volume change. 



Measurements of the CaO peaks for samples 2 and 3 after heat treatment to 500°C show that 
the (200) peak exhibits less broadening while the (222) peak more broadening for sample 3 
when compared to sample 2. The relative intensities of CaO peaks exhibit little or no change but 
changes in crystallite diameter point to an anisotropic grain growth of the (200) crystal plane in 
lieu of the (222) plane. Evidence of calcium ferrite formation in Figure 6 along with decreased 
crystallite size of Fe2O3 can lead to an assumption that a small amount of newly formed calcium 
ferrite dissolves in CaO preferentially parallel to the (200) plane. This can be possible in 
reference to Bergman [19], that local equilibrium is established at the phase interfaces and the 
extent of solid solution is governed by the local oxygen potential. 

Table 4 Comparison of calculated crystallite parameters based on FWHM results from XRD analysis. (I/Io) is 
the change in relative peak area intensities, La and Lc are the change in crystallite diameter and crystallite 
thickness consecutively, and V is the change in crystallite volume. *(this value is the change in relative 
intensity of the (002) plane between two separate diffractograms, raw and 500°C, as only the (002) carbon 
peak could be evaluated) 

 
FWHM smp 2 

(°2 ) 
FWHM smp 3 

(°2 )  
Crystallite parameters 

(nm) 
Crystal plane °2  raw 500°C raw 500°C (I/Io) % La % Lc % V % 

C (002) 26.47 0.305 0.316   8* 3 -3 1 
CaO (200) 37.33  0.250  0.230 0 9  28 

(222) 67.40  0.358  0.391 1 -8  -23 
Fe2O3 (012) 24.15   0.103 0.127 -1 -4 -19 -25 

(113) 40.85   0.128 0.133 -9 -4 -19 -25 
 
 

3.3 Kinetic results of Ca(OH)2, Ca(OH)2/C and Ca(OH)2/Fe2O3 samples 

3.3.1 Friedman Analysis and Master Plots
 
A diagram illustrating the model-free Friedman analysis of the TG results from samples 1-3 is 
given in Figure 7. From Figure 7a, we see for sample 1 that the activation energy is initially in 
the range of 170-140 kJ/mol at low fractional mass loss,  < 0.2. As the mass loss increases the 
activation energy decreases and levels off to a range of 120-100 kJ/mol. 
 
In sample 2, Figure 7b, it is again observed that the activation energy is initially large, 200-160 
kJ/mol, at low fractional mass loss,   0.1. Then, as mass loss increases the activation energy 
decreases and temporarily levels off to a range of 160-140 kJ/mol. Afterwards, at  > 0.5, the 
activation energy sharply decreases and then increases again to a level of ~120 kJ/mol. 
 
Sample 3, Figure 7c, begins with an activation energy that is initially large, 250-180 kJ/mol and 
then levels off to ~160 kJ/mol as mass loss increases. This behavior is quite similar to that which 
we observed in sample 1 with exception that the activation energy in sample 3 is noticeably less 

 dependent at  > 0.2. However, all the samples do show some dependence of the activation 
energy on conversion and this behavior is often a sign that the overall transformation contains 
multiple steps [16]. 
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Figure 7 Estimation of Ea using Friedman analysis of a) sample 1 (Ca(OH)2) b) sample 2 (Ca(OH)2+C) c) 
sample 3 (Ca(OH)2+ Fe2O3) including 6 experiments each at  = 3, 5, 7, 10, 15, 20°C/min. 

 
In order to more closely evaluate the possible kinetic models that best describe the 
transformations occurring in samples 1-3, a “master plot” can be constructed to compare 
theoretical curves with the current experimental curves. This method allows the user to discern 
the predominant 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 [20][21][22]: 
 

TxdtdZ )(/)(       (9) 

 
If we substitute the derivative and integral form of the Arrhenius rate equation into Eq. (9), 
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where x = E/RT,  = dT/dt and the fourth-degree rational approximation of the temperature 
integral taken from Senum and Yang [23]: 
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we arrive at the expression, 
 

)()()( gfZ       (13) 
 
As seen in Figure 8, the theoretical values of Z( ) for the most common kinetic models have 
been plotted against  using Eq. (13) and expressions for f( ) and g( ) from Table 2. 
Experimental values of Z( ) have been plotted for samples 1-3 at 10°C/min using Eq. (9) and 
Eq. (12). 
 

 
Figure 8 Z( ) master curves for theoretical kinetic models and experimental data 

The experimental results in Figure 8 show a fit between the F1 and F2 kinetic models at 
conversions of   0.5 for samples 1-3. This behavior implies that the initial reaction mechanism 
occurring in all three samples is governed by Ca(OH)2 regardless of content. At higher degrees 
of conversion, sample 1 seems to lie between the R2 and A2 curves, if shifted to the right, 
suggesting that the dehydration of the Ca(OH)2 sample in this study is a multi-step process. 
Sample 2 shows general agreement with the R2 curve at 0.5 <   0.65 and then jumps to a 



level between the A2 and A3 curves at greater conversion levels. In sample 2, it seems the 
graphite content brings an additional step to the overall transformation likely due to a reaction 
between dehydration products and solid graphite. Sample 3 shows a trend that follows the R2 
curve at  > 0.5 which is similar to that observed with sample 1 but with less affinity to the 
nucleation/growth models. 

3.3.2 Linear and Non-linear Regression Analysis
 
Sample 1
 
Results from the regression analysis of TG experiments involving sample 1 are shown in Table 
5. First, multi-curve linear regression analysis was conducted in order to evaluate which single-
step kinetic models best fit the experimental data. As seen in Table 5, the kinetic models with 
good fit show very similar correlation coefficients with slightly weaker fit for the An model over 
the whole of the transformation. These results comprised a likely list of models to test in further 
analysis of multi-step processes. From the linear regression analysis and with knowledge 
gained from Friedman and master plot analysis, the decision was made to investigate a 
configuration of multiple consecutive reactions in the non-linear regression analysis. 
 
The best fit was given for a three step model starting with an nth-order (Fn) step of order n = 
1.44, Ea between 156-193 kJ/mol, and log A between 11-14 s-1 until  = 0.17. Second, another 
nth-order step of order n = 0.45, Ea between 116-131 kJ/mol, and log A between 6-8 s-1 until  = 
0.67. Laslty a two-dimensional phase boundary (R2) step follows with an Ea between 86-128 
kJ/mol and log A between 5-7 s-1. 
 

Table 5 Selected results of regression kinetic analysis for sample 1 
Linear Regression results 

Model order/dimension, 
n Ea (kJ/mol) log A (s-1) R2

Fn 0.61 127.36  1.67 6.92  0.13 0.9987 
R3 3 129.23  1.58 6.60  0.12 0.9986 
R2 2 124.37  1.50 6.37  0.12 0.9985 
An 1.11 131.82  2.99 7.36  0.23 0.9974 

Multivariate Non-Linear Regression results 

Model order/dimension, 
n wa Ea (kJ/mol) log A (s-1) R2

1) Fn 
2) Fn 
3) R2 

1.44 
0.45 

2 

0.17 
0.50 

 

174.23  18.33 
123.52  6.74 
106.95  21.01 

11.61  1.62 
6.88  0.56 
5.26  1.58 

0.99938 

1) Fn 
2) An 

0.73 
2.18 

0.48 
 

143.46  3.85 
117.55  4.21 

8.62  0.35 
6.23  0.31 0.99936 

1) Fn 
2) R2 

1.60 
2 

0.09 
 

199.85  27.42 
124.43  1.89 

14.09  2.37 
6.37  0.13 0.99931 

a Parameter w is a weighting factor used in multiple reaction models 
 
The two Fn steps can be interpreted as a mechanism beginning with slow product nuclei 
formation at  < 0.2 that, at higher conversion (  < 0.7), accelerates to form a dense reaction 
layer varying in thickness relative to the ease of H2O escape [24]. The agreement with the R2 
model at  > 0.7 can be attributed to a reaction mechanism where advancement of the reaction 
interface is related to the layered crystal structure of Ca(OH)2, i.e. if product nucleation occurs at 
the more-reactive edge surfaces of a plate-like crystal then the reaction layer would progress 
inwards two-dimensionally [25]. Although another possible explanation to this type of physico-



geometric behavior was observed by Barret [26], i.e. the characteristics of the phase-boundary 
reaction depends on the shape of the crucible and the arrangement of powder used in 
experiments. Furthermore, the kinetic parameters arrived at here have precedence in the 
literature, where the predominant activation energies reported and the relevance of a kinetic 
model with multiple consecutive steps are in agreement with previously reported results by other 
authors [16], [24], [27], [28]. 
 
Sample 2

Table 6 summarizes the regression kinetic analysis for TG experiments with sample 2. 
Compared with sample 1, the linear regression analysis for sample 2 shows a good, but slightly 
less correlated, fit with familiar kinetic models. In contrast, sample 2 gives apparent activation 
energies that are ~15 kJ/mol greater than that in sample 1. Furthermore, the best fit model for a 
one-step process is the R3 model compared to an nth order reaction model in sample1. In light 
of results from Friedman and master curve analysis, configurations of two and then three 
consecutive reactions were tested in the non-linear regression analysis.  

The best fit given here is for three consecutive reactions beginning with an 2nd order (F2) 
reaction with Ea between 172-256 kJ/mol and log A between 11-18 s-1 until  = 0.11. Afterwards 
a 2-dimensional phase boundary (R2) reaction follows with Ea between 134-149 kJ/mol and log 
A between 7-9 s-1 until  = 0.78. Finally, a three dimensional nucleation/growth (A3) reaction 
commences with Ea between 126- 181 kJ/mol and log A between 7-9 s-1. In comparison to 
sample 1, the nth order model in sample 2 only dominates in the first step of the transformation. 
With the addition of graphite in sample 2, water vapor can act as an intermediate at two 
separate reaction interfaces [27], [29], i.e. CaO/H2O(g) and H2O(g)/C. This behavior can result in a 
more heterogenous water vapor distribution in the sample after initial surface dehydration and 
nuclei formation thereby making the R2 model more appropriate as the next step in the 
transformation. Furthermore, the model for sample 2 includes a nucleation and growth step not 
present in the analysis of sample 1. If we consider the reversible carbon gasification/deposition 
reaction (2) listed earlier in the introduction, it is possible that the nucleation and subsequent 
ingestion or gasification of solid carbon at the H2O(g)/C interface is the mechanism implied by the 
A3 step. 

Table 6 Selected results of regression kinetic analysis for sample 2 
Linear Regression results 

Model order/dimension, 
n Ea (kJ/mol) log A (s-1) R2

R3 3 144.63  3.20 7.40  0.24 0.99828 
Fn 0.71 142.88  3.53 8.00  0.27 0.99826 
R2 2 139.61  2.24 7.17  0.17 0.99802 
An 1.06 151.19  4.93 8.45  0.36 0.99762 

Multivariate Non-linear Regression results 

Model order/dimension, 
n w Ea (kJ/mol) log A (s-1) R2

1) F2 
2) R2 
3) A3 

2 
2 
3 

0.11 
0.67 

 

213.87  41.77 
142.67  7.76 
137.36  10.97 

14.51  3.46 
7.57  0.72 
7.37  0.77 

0.99857 

1) Fn 
2) R2 

1.83 
2 

0.14 
 

205.43  43.19 
142.05  6.03 

13.72  3.56 
7.36  0.43 0.99855 

1) Fn 
2) An 

0.76 
1.86 

0.42 
 

162.56  10.28 
141.41  7.53 

9.76  0.91 
7.66  0.54 0.99855 

 



 
Sample 3 
 
Table 7 shows regression results from TG tests of sample 3. Similar to samples 1&2, the same 
familiar kinetic models give the best fit in linear regression analysis of sample 3 although with 
the lowest R2 of all three samples. As with sample 2, one-step models in sample 3 show 
increased average apparent activation energies, ~30 kJ/mol larger, when compared to sample 
1. Friedman and master curve analysis point to multi-step behavior in sample 3. Therefore, in 
non linear regression analysis a configuration of multiple consecutive reactions was 
investigated.  
 
The result of the best-fit model starts as a 2nd order step with Ea between 240-281 kJ/mol and 
log A between 16-20 s-1 until  = 0.17 and then a two dimensional phase boundary (R2) step 
commences with Ea between 153-157 kJ/mol and log A 8-9 between s-1. The mass loss 
behavior of sample 3 is quite similar to dehydration of pure Ca(OH)2 in sample 1, as seen by the 
similar peak weight loss temperatures at lower heating rates in Table 3. Although, like sample 2, 
the model which best fits sample 3 implies a more heterogenous-type mechanism, i.e. 
adherence to the phase boundary model over a larger range of . This can likely be due to the 
formation of some intermediate amorphous CaO•H2O•Fe2O3 phase at contact points of particle 
surfaces during the progression of the dehydration reaction interface. A consequence of this 
intermediate could be that subsequent calcium ferrite formation would be anion-modified 
therefore more catalytically active [30] and would more readily adsorb water molecules. 
 

Table 7 Selected results of regression kinetic analysis for sample 3 
Linear regression results 

Model order/dimension, n Ea (kJ/mol) log A (s-1) R2

Fn 0.80 161.92  4.66 9.59  0.36 0.99736 
An 1.00 170.38  6.23 10.29  0.47 0.99717 
R3 3 156.59  4.16 8.68  0.32 0.99707 
R2 2 150.69  4.05 8.37  0.31 0.99615 

Non-linear regression results 
Model order/dimension, n w Ea (kJ/mol) log A (s-1) R2

1) F2 
2) R2 

2 
2 

0.17 
 

260.43  20.16 
155.05  1.53 

18.49  1.60 
8.69  0.12 0.99839 

1) Fn 
2) An 

0.93 
1.73 

0.39 
 

193.21  16.55 
154.44  11.28 

12.61  1.41 
9.00  0.82 0.99834 

 

3.4 SEM results of raw samples and heat treated samples (10°C/min) 

Figure 9 shows micrographs of samples from tests with sample 1, Ca(OH)2, interrupted at 
temperatures corresponding to the fractional mass loss at the beginning or end of reaction steps 
defined earlier in the kinetic results. Particle “a” in Figure 9 is a representative particle of 
polycrystalline reagent Ca(OH)2 at room temperature.  

Particle “b” illustrates the progress of reaction to 380°C and  < 0.2. Here we see some crack 
formation on the surface of a dense reaction layer most likely due to gas pressure accumulation 
from inside the bulk reactant. The appearance of a dense surface reaction layer is prevalent at 
this point in the dehydration and the occurrence of crack formation seems to be dependent on 
individual particle size, i.e. larger particles show more crack formation. Particle “c” shows an 
example of the plate-like crystal CaO product observed after heat treatment to 600°C. 



Figure 9 SEM micrographs of Ca(OH)2 samples; a) raw, b) 380°C, c) 600°C 

Figure 11 shows micrographs of reagent graphite and heat treated samples of sample 2 
Ca(OH)2 + C. Micrograph “a” shows a general view of the reagent graphite used in the current 
study demonstrating that graphite particles are to a majority plate-like in shape with some 
spherical particles present. 

Particle “b” from heat treatment of sample 2 at 420°C (  < 0.15) shows how a graphite particle 
seemingly has started to wrap itself around a partially reacted Ca(OH)2/CaO grain. This 
phenomenon appears regularly in particles observed from sample 2 after heat treatment. An 
explanation for this can be interpreted from the XRD results where we observed that after heat 
treatment the calculated graphite crystallite length/width grew in lieu of the stacking height 
perhaps facilitated by the dehydration of Ca(OH)2 particles. A gasification and subsequent 
deposition of graphite crystallites would most likely occur at the edges of graphite particles 
tangent to the Ca(OH)2/CaO particle surface, thereby causing the plate-like graphite to “wrap” 
itself around the Ca(OH)2/CaO particles. An illustration of the mechanism is shown in Figure 10. 

CaO

Ca(OH)2

C

H2O(g)

(1)

(2)

C(s)+ H2O(g) H2(g)+ CO(g)

Figure 10 Illustration of graphite gasification/deposition 

a b 

c c 



At a larger fractional mass loss (  > 0.5 and 460°C) we observed morphology illustrated by 
particle “c”. In the space between a particle of “Ca(OH)2/CaO” and a graphite particle there is a 
formation of solid carbon having noticeable drop-like surface formations. These “drops” are quite 
possibly condensate carbon from gas phase. Particle “d” shows the formation of polycrystalline 
plate-like particles of CaO enveloped by a partially reacted graphite particle. 

Figure 12 shows micrographs of samples of reagent hematite and Ca(OH)2 + Fe2O3. Particle “a” 
is an example of the polycrystalline reagent hematite used in this study. Particle “b” shows areas 
of Fe2O3 to the upper right and areas of partially dehydrated Ca(OH)2 to the lower left with a 
small area of intermediate phase in between the two at the left. This intermediate phase could 
be the amorphous phase referenced earlier in the kinetic analysis. Particle “c” shows a particle 
of crystalline CaO containing areas enriched with iron, circled in white, which could be the 
beginnings of calcium ferrite formation at the edges. 

Figure 11 SEM micrographs of Ca(OH)2 + C samples; a) raw graphite, b) 420°C, c) 460°C, d) 600°C 

a b 

c d 



Figure 12 SEM micrographs of Ca(OH)2 + Fe2O3 samples; a) raw hematite, b) 420°C, c) 600°C. 

4. Conclusions 

The dehydration of the reagent Ca(OH)2 under the experimental conditions in this study occurs 
in two main steps. First, a probable nth order mechanism function occurs divided into two parts, 
a slow product nuclei formation and then an accelerated dense reaction layer formation varying 
in thickness relative to the ease of H2O escape. Second, a probable two-dimensional phase 
boundary mechanims function where CaO grain growth begins at the more-reactive edge 
surfaces of a plate-like crystal and predominately progresses inwards two-dimensionally. 

The dehydration of Ca(OH)2 in the presence of C is superimposed by several reactions involving 
C. The overall transformation occurs in three main steps. First, an initial 2nd order function 
describing slow nuclei formation dominates. Second, a two-dimensional phase boundary 
function is believed to control the CaO grain growth over a larger conversion interval, than 
Ca(OH)2 alone, because water vapor acts as an intermediate at two separate reaction interfaces 
causing a more heterogenous water vapor distribution in the sample after initial surface 
dehydration and nuclei formation. Third, a three-dimensional nucleation and growth function 
dominates and can be described as the nucleation and subsequent ingestion or gasification of 
solid carbon at the H2O(g)/C interface. 

The dehydration of Ca(OH)2 in the presence of Fe2O3 is very similar to Ca(OH)2 alone. Again, 
the dehydration occurs in two main steps. First, a 2nd order function which describes nuclei 
formation and second, a two-dimensional phase boundary function over a larger range of 
conversion when compared to Ca(OH)2 alone. This behavior is likely due to the formation of 
some intermediate amorphous CaO•H2O•Fe2O3 phase at contact points of particle surfaces 
during the progression of the dehydration reaction interface that later results in minor calcium 
ferrite formation. 

a b 

c
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Abstract

By-products from integrated iron and steel production are currently not utilized optimally in 
light of their suitability as recycle. A large content of the fine particulate by-products from 
iron and steelmaking consist of iron oxides, calcium based minerals and carbon in various 
forms. The understanding and optimization of the mineral systems in these fines can 
therefore increase reduction efficiency and decrease dependency on ever increasing raw 
material costs. In this study we have attempted to explain the complex reactions that occur 
during the dehydration of Ca(OH)2, in the presence of solid carbon and Fe2O3, 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. Initially, 
thermal analysis testing was used to determine an optimum mix of Ca(OH)2, C, and Fe2O3
from a reduction and strength standpoint. A factorial design was used to arrive at the 
different mix compositions. From these results, more detailed simultaneous thermo-
gravimetric (TG) and differential thermal analysis (DTA) testing was performed on the 
chosen optimal mix of Ca(OH)2, C, and Fe2O3 to test the influence of heating rate and 
particle size on the transformations occurring below 800°C in inert atmosphere. 
Furthermore, selected samples were investigated using X-ray diffraction (XRD) analysis 
and electron microscope (SEM) analysis. Comparative analysis of the results reveals 
details of the different reaction processes involved in each system. 

1. Introduction 

Worldwide, iron and steelmaking facilities generate between 30-40 million tons of by-
product dusts that are feasible for recycling [1]. The recycling and utilization of by-product 
agglomerates containing these dusts has 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 suitable for preparation of self-
reducing/self-fluxing agglomerates. 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 the further development 
of cold bonded agglomerates containing by-products for use as recycle in the steelmaking 
industry. In recent decades many researchers have studied the reduction behavior of 
composites containing 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 CO(g), CO2(g), H2(g) and H2O(g) [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 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 effectively consumed in the process and direct contact of iron ore 
fines and coal fines increased the reduction rate in the prereduction stage of an LB furnace 
[9], [10]. 

Various studies have been found in the literature concerning gasification of carbonaceous 
material in the presence of different metal-based sorbents/catalysts, mostly at elevated 
pressure ~20 MPa [11]-[13]. Results from S. Sato et al. have shown that water contained in 
Ca(OH)2 molecules is sufficient to produce H2(g) from reaction with carbon content in 
samples of a vacuum reside of Arabian light crude oil at temperatures above 600°C and 
pressures 4-5 MPa [14]. 

Some critical reactions that are relevant for conditions occurring in cold bonded pellet 
samples during heat treatment in inert gas have been found in the literature. These 
reactions are defined as metal 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]. From previously 
published results [16], Figure 1 demonstrates that during the decomposition of hydrated 
lime in the presence of graphite other gaseous products, in relatively smaller amounts, are 
generated besides H2O. 
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Therefore, the objective of the present work is to study the mechanisms of reaction in the 
Ca(OH)2-C-Fe2O3 system at temperatures below 800°C and at ambient pressure. The 
reactions of most importance to this study are listed below: 

Ca(OH)2 = CaO + H2O      (1) 
C + H2O = CO + H2      (2) 
CO + H2O = CO2 + H2      (3) 
CO2 + C = 2CO      (4) 
3Fe2O3 + CO = 2Fe3O4 + CO2     (5) 
2CaO + Fe2O3 = Ca2Fe2O5     (6) 

2. Experimental 

2.1 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 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, 1.5N/mm2, resulting in cylinders having average 
dimensions of 3mm  x 3mm H and sample weights of 15.7  2.3 mg. The particle size 
distributions of the standard sized reagents are given in Figure 2. The reagent mixture 
compositions, shown in Table 2, used during initial optimization experimental work are 
based on relative compositions between the three reagents in previously studied cold 
bonded agglomerates [4]. 
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Table 1 Mix compositions in wt%

Mix # 
standard 
Fe2O3 Ca(OH)2 C 

1 50 30 20 
2 55 25 20 
3 57.5 30 12.5 
4 60 20 20 
5 62.5 25 12.5 
6 65 30 5 
7 67.5 20 12.5 
8 70 25 5 
9 75 20 5 

 
For reasons explained later in this study, mix 5 in Table 1 was chosen as the optimal mix 
composition to investigate further. In order to study the influence of particle size on the 
transformations occurring in the Ca(OH)2-C-Fe2O3 system the particle size of Fe2O3 was 
changed between sample 1 and sample 2 as shown in Table 2; the standard-sized 
Hematite as described earlier and a nano-sized Hematite, 99.999% pure powder with an 
average size of 30 nm, supplied from Aldrich. Again, micro briquettes were prepared using 
the same method mentioned earlier resulting in an average sample size of 18  1 mg. 
 

Table 2 Mix 5 sample compositions in wt% 

Sample Ca(OH)2 C 
standard 
Fe2O3

nano 
Fe2O3

1 25 12.5 62.5  
2 25 12.5  62.5 

 
2.2 Methods 
A Setaram Setsys Evolution instrument equipped with simultaneous thermo-gravimetric 
(TG), differential thermal (DTA), and quadrapole mass spectrometric (QMS) analysis was 
used in thermal analysis studies. The sensitivity of the TG balance is ± 0.3 g. 
Two types of tests were performed on the samples. First, in order to find an optimal 
composition, dynamic TG/DTA tests were conducted on samples shown in Table 1 heated 
from 20°C to 800°C at 10°C/min in helium with a constant flow rate of 60 ml/min. Cylindrical 

-Al2O3 crucibles with a diameter of 4 mm and a capacity of 100 l were used in these 
tests. Selected samples were later analyzed using a Siemens D5000 X-ray powder 
diffractometer using Ni filtered Cu K  radiation at 40 kV and 50 mA. 
Second, to investigate the influence of heating rate and particle size on the optimal mix, 
TG/DTA tests were conducted on samples shown in Table 2 heated at three different 
heating rates 2, 10 and 32°C/min with other conditions held constant. Selected samples 
were later analyzed using a Philips XL 30 scanning electron microscope. These TG results 
were evaluated with a kinetics software package. 

2.3 Kinetic Analysis 
TG results from experiments have been analyzed using the Netzsch Thermokinetic 
software package [17]. In the kinetic analysis, experimental TG results have been 
expressed as reaction extent ,  



)/()( fii WWWW       (7) 
where W is the weight or wt.% of the sample at a given time, and Wi and Wf are the initial 
and final values for the transformation. 
A multi-curve method has been applied to the non-isothermal 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. (8): 

RTEfAdtd //ln/ln      (8) 
The software provides values for the activation energy, E, and the logarithm of the pre-
exponential factor, log 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)2-C-Fe2O3 within the temperature range of 300-800°C. The kinetic models 
appearing in this study are summarized in Table 3. 
 

Table 3 Kinetic models used in the rate equation, d /dt = -Aexp(-Ea/RT)f( ) 

Code g( ) f( ) Kinetic model type 
Fn (1/(1- )n-1)-1 (1- )n nth-order 
R2 1-(1- )1/2 2(1- )1/2 Two-dimensional phase boundary 
R3 1-(1- )1/3 3(1- )2/3 Three-dimensional phase boundary 
B1 ln( /(1- )) (1- )  Prout-Tompkins autocatalysis 
An (-ln(1- ))1/n n(1- )[-ln(1- )](n-1)/n Avrami-Erofeev n-dimensional nucleation/growth 
D1 2 1/2  1D-diffusion 
D2 ln(1- ) -1/ln(1- ) 2D-diffusion 
D3 [1-(1- )1/3]2 [3(1- )2/3]/[2[1-(1- )1/3]] 3D-diffusion 

 

3. Results and Discussion 

3.1 Mix Optimization 
The TG/QMS curves for mix 5 are shown in Figure 3 as an example of the results acquired 
for all mixes. Weight loss and maximum gas intensity data in the temperature range 500-
800°C has been used to calculate apparent reduction degree, H2O utilization degree 
(participation in carbon gasification) after dehydration of Ca(OH)2 content, and CO 
utilization degree in reduction reactions. Results are given in Table 4. 
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Apparent reduction degree was calculated using the following relationships, 
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where mtotal,red is the total weight loss in the temperature range 500-800°C, Mx is the 
molecular weight of “x”, Iy is the maximum intensity of gas “y” from QMS data in the given 
temperature range and mO,initial is the initial mass of oxygen bound to iron. 

Apparent H2O utilization degree was defined as, 
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where mdehyd, exp. is the weight loss due to H2O below 500°C and mdehyd, theor. is the 
calculated theoretical weight loss due to dehydration of Ca(OH)2 content in every mix. 

Apparent CO utilization degree was defined as, 
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where ICO and ICO2 are the maximum gas intensities from QMS data in the temperature 
range 500-800°C. 



Table 4 Calculated optimization responses 

Mix # 
Red. degree 

%
H2O utilization 

%
CO utilization 

%
1 35.24 53.69 86.82 
2 24.76 34.84 87.33 
3 32.58 47.07 86.82 
4 22.95 58.94 87.01 
5 25.18 51.11 86.99 
6 31.20 60.85 85.40 
7 11.23 33.35 86.08 
8 20.87 52.18 86.75 
9 15.66 49.67 86.56 

avg 24.41 49.08 86.64 

From Table 4, mix 1 and mix 5 are the only mixes which have better than average values 
for all responses. Preliminary analysis of the optimization experiments shows that Ca(OH)2
content in mixes 1-9 has the best correlation with the responses given in Table 4. 
Furthermore, the relationship between C and Ca(OH)2 contents for each mix has the best 
correlation with CO, which is the most empirical of responses. With this in mind, a 
C:H2O(hydrate) molar ratio between 2 and 3 and a C:O(iron oxide) molar ratio greater than 0.85, 
as in mix 1 and 5, seems optimal in the context of this study. 

XRD results from heat treated samples of mix 1 and mix 5 are shown in Figure 4. The 
results are quite similar except for the relative absence of remnant CaO and Fe2O3 in mix 5 
when compared to mix 1 (see arrows in Figure 4). Consequently, it seems that the 
composition of mix 5 is more favorable for Fe2O3 reduction and formation of Ca2Fe2O5 than 
mix 1. Therefore, mix 5 was chosen as an optimal composition to use in further studies 
because of its optimal combination of reduction and bonding phase (Ca2Fe2O5) formation 
characteristics.
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Figure 4 XRD patterns for mix 1 and 5 after heat treatment to 800°C in Ar 

3.2 TG/DTA results from samples 1 & 2 
From the mix optimization results above, further testing has been conducted on micro 
briquettes of the optimal mix 5 to investigate the kinetic effect of heating rate and hematite 
grain size. Three heating rates have been used; 2, 10, and 32°C/min. As mentioned earlier, 



the two different average grain sizes of reagent hematite that have been used are ~300 nm 
(standard) and ~30 nm (nano). TG and DTA results are shown for sample 1 and 2 in Figure 
5 and Figure 6. 
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Figure 6 DTA results from (a) sample 1 (w/ standard Fe2O3) and (b) sample 2 (w/ nano Fe2O3) at different 
heating rates 

TG results reveal obvious differences between the two samples. First, there is a difference 
in total weight loss between sample 1, ~10 wt%, and sample 2, ~8 wt%. Second, the 
fraction of total weight loss for the two separate TG steps (see Table 5) in each sample 
differs, i.e. sample 1 (step 1  0.30, step 2  0.70) and sample 2 (step 1  0.75, step 2 
0.25). Furthermore, Table 6 shows a clear difference in the calculated H2O utilization of 
samples 1 and 2 having a marked negative effect on the reduction degree of sample 2. 

Table 5 Temp. interval definitions for each TG step in both samples 1 & 2 
temperature intervals (°C) 

(°C/min) step 1 step 2 
2 320-430 450-680 

10 340-470 500-740 
32 370-510 540-800 

Table 6 Average calculated responses for sample 1 & 2 

Sample
Red. degree 

%
H2O utilization 

%
CO utilization 

%
1 25.18 51.11 86.99 
2 7.52 6.00 73.53 

(a) (b)

(a) (b)



DTA results compliment TG results where the heat flow in step 1 is roughly 2 times greater 
in sample 2 than that in sample 1, and during step 2 the heat flow is roughly 3.5 times 
greater in sample 1 than that in sample 2. Interestingly, a difference does occur between 
heating rates where both samples exhibit exothermic heat flow between 500 and 600°C 
when heated at 32°C/min but not observed at the lower heating rates. Reduction of Fe2O3
by CO in Rxn (5) is exothermic as well as carbon deposition by the reverse of Rxn’s (2) & 
(4).

3.3 SEM results of raw samples and heat treated samples 1 & 2 

A comparison of the micro briquette samples at room temperature is seen in Figure 7. The 
difference in particle packing is obvious when comparing sample 1 with standard-sized 
hematite to sample 2 with nano-sized hematite. 

Figure 7 SEM of the raw micro briquette samples (1) and (2) 

Figure 8 shows cross sections of micro briquettes of sample 1 heated to 800°C. Micrograph 
(a) shows the outer edge of a sample heated at 2°C/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 8(b) shows a large iron oxide particle 
or sintered grouping of many particles after heating at 10°C/min. Here we observed a 
reduction gradient where points 1 & 3 have iron content close to magnetite and 2 & 4 
hematite. In micrograph (c) a particle of calcium rich calcium ferrite seemingly 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. 

Figure 9(a) shows an example of crack formation in a micro briquette of sample 2 heated at 
10°C/min. This behavior was occurred at all heating rates tested but was more prevalent at 
10 and 32°C/min. In micrograph (b) we observed a higher degree of reduction in iron oxide 
grains 2 (semi reduced FeO) & 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 Figure 9(c) we observed a highly crystallized grain 
of Ca2Fe2O5 in the middle of a sample heated at 32°C/min. 

(1) (2)



Figure 8 SEM cross sections of heat treated sample 1 at (a) 2°C/min (b) 10°C/min (c) 32°C/min 

Figure 9 SEM cross sections of heat treated sample 2 at (a) 2°C/min (b) 10°C/min (c) 32°C/min 
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3.4 Kinetic results from samples 1 & 2 
3.4.1 Friedman Analysis and Master Plots 
 
Diagrams illustrating the model-free Friedman analysis of the TG results from samples 1 & 
2 are shown in Figure 10 and Figure 11. The TG results have been treated as two step 
transformations in both samples for ease of evaluation. From Figure 10(1), we see for 
sample 1 that the activation energy in transition step 1 jumps from an initial value of 80 to 
170 kJ/mol at fractional mass loss  < 0.1. In the range 0.1 <  < 0.6, the activation energy 
fluctuates between 120-150 kJ/mol eventually settling to a value of 150 kJ/mol. Above  = 
0.6, the activation energy adjusts to a lower level of 140 kJ/mol and gradually decreases 
near the end of transition. In transition step 2, Figure 10(2), energy levels start 
understandably where step 1 finished. At   0.35, the activation energy initially increases 
sharply and then more gradual to a level of 190 kJ/mol. As mass loss increases in this 
transition, the activation energy decreases and fluctuates between 170 and 180 kJ/mol. 
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Figure 10 Friedman analysis of sample 1, (1) TG step 1 (2) TG step 2 
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Figure 11 Friedman analysis of sample 2, (1) TG step 1 (2) TG step 2 
 
In sample 2, Figure 11, energy levels in transition step 1 are very similar to that in sample 1 
apart from a noticeably smaller decrease in activation energy at the end of the transition,  
> 0.9. During transition step 2, Figure 11(2), the activation energy increases sharply at   

(1) (2)

(1) (2)



0.15, similar to the behavior in sample 1, but at higher conversion the activation energy 
seems to gradually increase with conversion which differs from the behavior in sample 1. 
Nevertheless, both samples do show some dependence of the activation energy on 
conversion and this behavior is often a sign that each transition contains multiple 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 predominant 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][19][20]: 
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If we substitute the derivative and integral form of the Arrhenius rate equation into Eq. (13), 
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where x = E/RT,  = dT/dt and the fourth-degree rational approximation of the temperature 
integral taken from Senum and Yang [21]: 
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we arrive at the expression, 
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As seen in Figure 12 and Figure 14, the theoretical values of Z( ) for the most common 
kinetic models have been plotted against  using Eq. (17) and expressions for f( ) and g( ) 
from Table 3. Experimental values of Z( ) have been plotted for samples 1 & 2 using Eq. 
(13) and Eq. (16). 
 
The experimental results for step 1 in sample 1 (Figure 12) seem to obey either an nth-
order or nucleation/growth type kinetic model between A1/F1 and A2/Fn at conversions of  
 0.2 with results from 2°C/min having a larger dimension/smaller order than results from 10 

and 32°C/min. This behavior implies that the initial reaction mechanism is somewhat 
heating rate dependent. At higher degrees of conversion, 0.2 <   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, Figure 13, 



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 (Figure 14) also seem to obey either an nth-
order or nucleation/growth type kinetic model between A1/F1 and A2/Fn throughout the 
entire conversion but at 0.6    0.9 results for 2°C/min deviate to a larger 
dimension/smaller order than do results from 10 and 32°C/min. Step 2, Figure 15, shows 
how experimental results are quite sporadic but generally follow a trend comparable to 
An/Fn behavior at   0.4 and then converge to a trend similar to R3 behavior at greater 
conversion levels. Although, results from 10 and 32°C/min do show some adherence to D1 
behavior at 0.5    0.8. 
 

 
Figure 12 Z( ) diagram for TG step (1) in sample 1 

 



Figure 13 Z( ) diagram for TG step (2) in sample 1 

Figure 14 Z( ) master curve for TG step (1) in sample 2 



Figure 15 Z( ) master curve for TG step (2) in sample 2 

3.4.2 Non-linear Regression Analysis

Sample 1

Results from the regression analysis of TG experiments involving sample 1 are shown in 
Table 7. With knowledge gained from Friedman and master plot analysis, the decision was 
made to investigate a configuration of multiple reactions in the non-linear regression 
analysis. 

In TG step 1, the best fit was given for a three step model starting with an nth-order (Fn) 
step of order n = 0.75, Ea between 173-181 kJ/mol, and log A between 11-12 s-1 until  = 
0.19. Second, a two-dimensional phase boundary (R2) step with Ea between 116-131 
kJ/mol and log A between 8-9 s-1 until  = 0.93. Lastly, another Fn step of order n = 0.79 
commences with Ea between 111-141 kJ/mol and log A between 6-8 s-1.

Continuing with TG step 2, the best fit was given for a two step model starting with an An 
reaction of dimension n = 0.69, Ea between 186-198 kJ/mol, and log A between 7-9 s-1 until 

 = 0.24. Second, a R2 reaction commences with Ea between 176-182 kJ/mol and log A
between 6-7 s-1.



Table 7 Results of regression kinetic analysis for sample 1 
Multivariate Non-Linear Regression results 

Model order/dimension, n wa Ea (kJ/mol) log A (s-1) R2

TG step 1   1) Fn 
2) R2 
3) Fn 

0.75
2

0.79

0.19
0.74

179.41  3.99 
148.63  1.1 

126.05  14.35 

11.84  0.38 
8.69  0.08 
6.68  0.65 

0.99950

TG step 2   1) An 
2) R2 

0.69
2

0.24 191.94  5.51 
178.79  2.44 

8.36  0.59 
6.83  0.10 0.99921

a Parameter w is a weighting factor used in multiple reaction models 

The initial fractional-order (Fn) model 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 rehydration 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 (see Figure 7(1)) gas diffusion is 
hindered thereby increasing the residence time of product H2O gas allowing rehydration to 
occur. The agreement with the R2 model at 0.2 <  < 0.95 can possibly be attributed to a 
reaction mechanism where advancement of the reaction interface is related to the layered 
crystal structure of Ca(OH)2, i.e. if product nucleation occurs at the more-reactive edge 
surfaces of a plate-like crystal then the reaction layer would progress inwards two-
dimensionally [23]. Although, another possible explanation 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)2 found in literature, ~120 kJmol. This can be due to 
overlap with subsequent Fn model behavior during the formation of CO(g) 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/CO2 ratio [26]. 

The initial model stage of TG step 2 is rationally tied to the end of TG step 1. Here, the An 
behavior (  < 0.25) can be interpreted as the random growth of the CO2(g)/Fe3O4(s) interface 
where is CO2 is a product from hematite reduction. Following the interface growth, the 
reduction of hematite apparently proceeds via phase boundary mechanism, R2. El-
Geassy’s work also concludes a mixed reaction mechanism such as this for the reduction of 
hematite [25]. The apparent activation energy from the model is ~180 kJ/mol lies in 
between energy values for gaseous reduction of iron oxide, 36-71 kJ/mol [27][28][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 the combination 
of carbon gasification and carbothermic reduction, is generally accepted in the literature 
[31].

Sample 2

Results from the regression analysis of TG experiments involving sample 2 are shown in 
Table 8. Again, considering earlier Friedman and master plot analysis, the decision was 
made to investigate a configuration of multiple reactions in the non-linear regression 
analysis. 

In TG step 1, the best fit was given for a three step model starting with a Fn reaction of 
order n = 0.54, Ea between 151-157 kJ/mol, and log A between 9-10 s-1 until  = 0.37. Next, 



an An reaction of dimension n = 1.46, Ea between 129-151 kJ/mol, and log A between 8-10 
s-1 until  = 0.66. Lastly, an A1 reaction commences with Ea between 133-147 kJ/mol and 
log A between 8-9 s-1.

Continuing with TG step 2, the best fit was given for a two step model starting with a Fn 
reaction of order n = 1.32, Ea between 149-157 kJ/mol, and log A between 6-8 s-1 until  = 
0.32. Second, a R3 reaction commences with Ea between 185-192 kJ/mol and log A
between 7-9 s-1.

Table 8 Results of regression kinetic analysis for sample 2
Multivariate Non-Linear Regression results 

Model order/dimension, n wa Ea (kJ/mol) log A (s-1) R2

TG step 1   1) Fn 
2) An 
3) An 

0.54
1.46
2.12

0.37
0.29

153.83  2.81 
140.32  10.52 
139.97  6.85 

9.57  0.29 
8.70  0.80 
8.47  0.47 

0.99888

TG step 2   1) Fn 
2) R3 

1.32
3

0.32 152.98  3.92 
188.42  2.84 

6.96  0.23 
7.97  0.17 0.99775

a Parameter w is a weighting factor used in multiple reaction models 

In sample 2 the initial fractional-order (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 smaller hematite grain size in 
sample 2 causing a decrease in total porosity (see Figure 7(2)) and consequently making 
gas diffusion more difficult increasing the reversibility of the dehydration reaction. In 
contrast to the behavior in sample 1, sample 2 follows “An” model behavior at 0.4 < rather
than phase boundary behavior. In reference to Figure 5, it is evident that the maximum rate 
of weight loss in step 1 for sample 2 is faster than that in sample 1. An explanation can be 
that instead of a slow advancement of the reaction interface seen in sample 1, crack 
development occurs in sample 2 due to excessive gas pressure resulting in more rapid and 
extensive dehydration. At the same time, the n exponent is ~1.5, signifying that nucleation 
is instantaneous and growth occurs preferably in one direction more than the other [32]. 
The final stage of TG step 1 in sample 2 follows A2 model behavior and can be interpreted 
as the growth of the CO(g)/C(s) interface during graphite gasification. The gasification 
reaction can be starved due to low steam pressure, so the small amounts of CO(g) that are 
produced will more likely remain adsorbed to solid graphite surfaces [33] rather than 
participate in reduction reactions. 

In TG step 2 the transition seems to follow Fn behavior (  < 0.35) and can be interpreted as 
the direct reaction between a ionically-active C(s) and Fe2O3(s). Those surfaces which are in 
close contact with iron oxide can initiate direct reduction. Following initial direct reduction, 
the reduction of hematite apparently proceeds via phase boundary mechanism, R3. The 
shrinking core model is more preferable in sample 2 than in sample 1. This is likely due to 
the much smaller hematite particle size in sample 2 as well as the larger apparent activation 
energy, ~190 kJ/mol, signifying more control applied by the Boudouard reaction, Rxn 4. 

4. Conclusions 

The complex series of transformations occurring when iron and steelmaking by-product 
agglomerates are used as recycled iron charge in steelmaking processes was investigated 
on the basis of a simpler, model system: Fe2O3-Ca(OH)2-C in inert atmosphere. First, the 
composition of the ternary mix, i.e. 62.5% Fe2O3, 25% Ca(OH)2, 12.5%C, was determined, 



from TG tests and XRD analysis, as the most suitable for the concurrent optimization of 
both the reduction degree and, through calcium ferrite formation, the agglomerate strength. 

Next, the kinetics of two samples of this optimum mix, with two different grain sizes of 
hematite, was investigated. The overall transformation below 800°C involves a series of 
reactions, including calcium hydroxide dehydration, carbon gasification, iron oxide reduction, 
and calcium ferrite formation. 

With micro-sized hematite grain briquettes, the transformation starts with calcium hydroxide 
dehydration, whose first step, CaO nucleation, is somewhat impeded by the slow escape of 
H2O 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 H2. Then the reduction of hematite takes place by these gases, also via a 2D phase 
boundary mechanism, down to a reduction degree situated between magnetite and wustite. 
Parallel to the iron oxide 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 gasification by steam is 
penalized by lower water pressures after crack formation. Locally, where hematite grains 
are in close contact with carbon particles, an almost direct reduction can occur, with some 
iron oxide grains being reduced down to wustite. 

In general, when considering by-product compositions with large contents of iron oxide, 
calcium oxides and carbon a few comments can be made. Hydrated lime or other hydrate 
content in the system Fe2O3/metal hydrate/C has the best correlation with the reduction 
degree, H2O utilization and CO utilization at low temperatures. With this in mind, a 
C:H2O(hydrate) molar ratio between 2 and 3 and a C:O(iron oxide) molar ratio greater than 0.85, is 
optimal in the context of this study. Furthermore, excess milling of by-products before 
agglomeration is discouraged due to the greatly adverse effects on reduction degree. 
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