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ABSTRACT 

Due to environmental and economic concerns, there has been a large push to investigate 

recycling applications for automotive paint sludge.  Automotive paint sludge is considered a 

nuisance and hazardous waste material within the automotive industry around the world.  The 

focus of this project was to investigate and develop a recycling application that would employ 

the use of the automotive paint sludge material as received.  The paint sludge was used as a 

binder for iron ore pellets, typically used for iron- and steelmaking.  The development of the type 

of recycling application conducted during this project was aided by a review of different binders 

used in iron ore pellets, as well as the various techniques used to recycle automotive paint sludge 

materials.  

Two different paint sludge samples were characterized for their organic and inorganic 

components.  It was then determined to be a possible substitute for the standard iron ore pellet 

binder: bentonite clay.  Unlike bentonite, paint sludge has half the concentration of silica and 

alumina, which are detriments in the ironmaking process.  Iron ore pellets were made using 

magnetite ore, 1.0 – 3.0 wt.% limestone, 0.0 – 1.0 wt.% bentonite, and 0.0 – 1.0 wt.% paint 

sludge from two different paint shops.  The pellet recipes were evaluated via a statistical analysis 

software where low, middle, and high material weight percentages were output to ensure 

optimized results.  The iron ore pellets with paint sludge material as a binder were then tested for 

their standard physical and chemical properties to make sure they were comparable to pellets 

made with bentonite clay.   

It was concluded via the physical and chemical property tests that iron ore pellet made 

with paint sludge material were just as capable of withstanding typical transportation and 

handling used in the iron- and steelmaking industries.   
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CHAPTER 1 

INTRODUCTION 

 Automotive paint sludge is a by-product of overspray in the painting booths.  Paint 

sludge is either water-based or solvent-based, however, both types contain a combination of 

inorganic and organic material.  The designation of waterborne or solvent-based depends on the 

type of paint material, i.e., if the paint is contained in a water base, it is waterborne.  Both types 

of paint sludge consist of uncured polymer resins, metal-containing pigments, curing agents, 

flotation agents, detackifiers and water.  Waterborne paint sludge has been promoted as the 

environmentally friendly option in comparison, but the entire vehicle painting process does still 

rely on organic materials.  It is for this reason the generation of automotive paint sludge, 

regardless of its base, is considered one of the largest contributors of hazardous waste in the 

automotive industry [1]. 

Until the turn of the millennium, landfill waste storage was associated with low costs and 

vast availability.  However, the new millennia also brought new environmental concerns across 

all industries, as well as increases in fees for the storage of hazardous material.  In response, the 

automotive industry has become the leader in promoting zero waste [2].  While there is no 

industry standard definition of zero waste, it is defined by the Zero Waste International Alliance 

(ZWIA) as “the conservation of all resources by means of responsible production, consumption, 

reuse, and recovery of products, packaging, and materials without burning and with no 

discharges to land, water, or air that threaten the environment or human health” [3].  With the 

push for eliminating landfill storage, current disposals of paint sludge are incineration for a fee or 

combustion at waste-to-energy plants.  This has also led many, if not all, automotive companies 



 2 

to seek other techniques for recycling their paint sludge.  Previous research methods include 

attempting to extract valuable metals or utilizing it for construction materials.   

 The aim of this project was to investigate a novel recycling method of waterborne paint 

sludge with the goal of utilizing the material as generated.  In collaboration with the Center for 

Resource, Recovery and Recycling (CR3) and General Motors, the paint sludge material was 

adopted as a binder for iron ore pellets due its chemical nature.  Iron ore pellets are used in the 

steel making process with bentonite clay as the current industry standard binder.  This 

investigation seeks to develop comparable iron ore pellets with a paint sludge binder by 

employing similar testing techniques used for traditional iron ore pellets. 

 This comparison is done statistically using a design of experiments (DOE) which assists 

in planning and evaluating a group of factors and their responses.  In this case, the group of 

factors include weight percent additions of paint sludge, bentonite and limestone, and time and 

temperature of induration. The chemical composition of paint sludge varies with paint shop 

locations as well as within the paint shop due to changes in types of vehicles painted.  For this 

study, we looked at two different paint sludge samples from two different paint shops.  The DOE 

then optimized the responses to show which conditions for making the iron ore pellets were best.  

While optimizing the responses, the DOE also provides mathematical relationships between the 

factors and responses.  Some typical responses for evaluating the usage of paint sludge as a 

binder are tumbler strength, cold crushing strength, free swelling index, impact test, reducibility, 

and porosity.  

 The ability to predict some of these responses is also an important feature to be studied.  

Abaqus CAE was used to model iron ore pellets with paint sludge binder in impact and cold 

crushing strength tests.  Abaqus CAE is used for the analysis of mechanical components via 
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finite element analysis (FEA). Finite element analysis allows quantification of physical 

phenomena, such as, structural analysis, heat, fluid, and mass transport, etc.  These 

computational results are then compared to experimental ones [4].  

 In addition to the experimental results presented, the implications of these results will be 

discussed as they relate to the two major ironmaking methods: blast furnace and direct reduction.  

The blast furnace is considered an indirect reduction of iron in combination with a converter, 

while direct reduction produces direct reduced iron (DRI) [5].  It is critical to examine how the 

use of a different iron ore pellet binder affects the ironmaking process in both the blast furnace 

and direct reduction processes since each has differences in feed requirements and allowances. 
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CHAPTER 2 

A REVIEW OF AUTOMOTIVE PAINT SLUDGE 

 This chapter provides the findings of a literature survey conducted on the current 

production and disposal of automotive paint sludge.  In addition to the current industry standards 

of disposal, other research efforts of recovery and recycling of automotive paint sludge will be 

presented and discussed as they were necessary for the development and execution of this 

project.   

2.1 Automotive Paint Sludge Production 

 

It is estimated that about 75,000,000 pounds of automotive paint sludge is generated by 

the U.S. automotive industry each year [6].  The paint sludge material used in this project was 

acquired via General Motors. Waterborne paint sludge is generated at General Motors 

Corporation (GM) Assembly Plant paint shops at rates of 200 to more than 2,000 tons per plant 

per year. In 2015, GM measured 17,825.3 net tons of paint sludge generated globally, with 

55.3% sent to a landfill and the other half sent to waste-to-energy plants [7, 8].  

To accurately describe automotive paint sludge, it is first important to discuss what 

precedes the paint sludge.  Across the automotive industry, the first step in a vehicle’s painting 

process is dipping the metal sheet in zinc phosphate for corrosion resistance, creating a non-

metallic crystalline phosphate layer of about 2 – 3 microns [9]. Electrocoating (E-coat) the 

vehicle is the next layer (20 – 25 microns) added where the vehicle is coated by cataphoretic 

paint deposition. The E-coat is supposed to provide additional corrosion and chip resistance. 

Sealants and underbody coats are then applied before the spraying of paint. Automotive paint 

sludge concerns itself with the spraying of the next layers: primer (35 – 40 microns), basecoat 

(13 – 17 microns) and clearcoat (40 – 45 microns).  
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Figure 2.1. Automotive paint coat layers. 

 

These layers contain: pigments for color; resin to hold the pigment in place; extender to 

improve adhesion; thinner, which can be either an organic solvent or water to reduce the 

viscosity of the paint; and additives [1].  Due to spraying techniques, not all the paint is 

deposited on the vehicle and is considered overspray. The overspray is the main component of 

paint sludge.  The overspray is collected and removed by scrubbers with the help of chemically 

treated circulating water and flushed into a sludge tank below the paint booth [10].  Different 

types of chemicals are added to the paint sludge on its way and in the sludge tank.  

 

Figure 2.2. Vehicle painting process [1]. 

 In addition to the overspray paint, pH adjuster, detackifiers, coagulants, flocculants and 

biocide are added for improving the handling and transportation of the sludge, as well as 

prolonging the life cycle of the water used.  pH adjusting chemicals have become increasingly 

useful when dealing with waterborne paints because of their propensity to foam [11].  

Metal Sheet &

phosphate layer (2-3 microns) 

E-coat (20-25 microns)

Primer (35-40 microns)

Basecoat (13-17 microns)

Clearcoat (40-45 microns)
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Detakification, also called “paint killer,” removes the sticky or tacky characteristic of the paint 

sludge by charge neutralization.  Coagulants also assist in the detackification process by 

neutralizing the surface charge of the paint particles to promote attraction instead of repulsion.  

With the paint particles electrostatically attracted to each other, they can agglomerate and form 

separate groups of “pin floc.”  The addition of high molecular weight, long chain polymers 

called flocculants allow the bridging of all the pin flocs [12].  After allowing for flocculation, the 

dewatering process occurs to separate the sludge material from the rest of the water that will be 

further processed and recirculated.  

 

Figure 2.3. Mechanism for treating paint sludge material [13]. 

Automotive paint sludge is known to emit smelly odors due to all the chemicals that have 

been added to make it a final product.  Some types of odors are to be expected and are a direct 

representation of the type of chemicals present.  However, biological orders can allude to a more 

serious issue that may not only affect the work force but also the overall efficiency of the 

process.  It comes as no surprise that a paint sludge production process would be subjected to 

biological growth, especially with waterborne coatings.  Moisture, chemical nutrients, oxygen 

for aerobic bacteria, and solids are primary causes for bacterial growth and odor [14].  It is 
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important to include biocides in the paint sludge tanks to help eliminate bacterial growth and 

odor. A typical biocide used at General Motors is hydrogen peroxide [7].  

Many companies use mechanical dewatering methods such as flotation, filtration, or 

centrifuge units to do this.  When flotation is used, as Kim (2011) mentions, the paint sludge is 

removed continuously via thickening and the dewatered in a vacuum filter combined with a 

filter.  The Palin Paint Sludge Consolidator, as seen in Figure 1.4 is one such unit that can be 

used in suspension/flotation processes.  This unit is used because the production of paint sludge 

is designed for the sludge to float and be scraped off the top of the tank for high liquid/solid 

separation [15].  

  

 

Figure 2.4. Palin Paint Sludge Consolidator Unit [15]. 

2.1.1 Water versus Solvent-based Paint Sludge 

The difference between water and solvent-based paints and thus, paint sludge, is 

important to set apart.  When Henry Ford started painting his Model T’s black, it was not 

considered “automotive” paint, but instead a paint consisting of natural linseed oil resin: the type 

of paint early 20th century technology allowed.  Not only was every car hand painted, but the oil 

resin paint took almost a week to fully dry after multiple coats.  Soon after, DuPont Company’s 

“Duco” paint was developed specifically for the automobile industry as a quick drying, multi-
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color line of nitrocellulose lacquers.  Lacquer coatings naturally dry via solvent evaporation, 

reducing the drying time from days to a few hours.  Satisfied with their new quick drying paint 

and increased production capacity, General Motors introduced Duco to all of its automobile line 

in 1924 [16].  However, the research into paint chemistry had only just begun.   

Since the first automobile paint was a solvent-based lacquer, also called “traditional” 

lacquer, it seemed only natural for the research to remain amongst solvents.  Paint technologies 

evolved from nitrocellulose lacquers to produce the first alkyd paint, a technology that is still 

implemented to this day, to thermoplastic acrylic lacquers.  These acrylic lacquers would come 

to be used as binders for the introduction of metal pigments paints.  In the 1980s, strict 

regulations on the emissions of volatile organic compounds (VOCs) were being implemented, 

effectively limiting the amount of solvent that could be used in an automotive plant [16].  The 

new limitations pressured, and continue to, many companies to seek alternatives for solvent-

based coatings.  Waterborne basecoats were developed in the 1990s, creating water-reducible 

acrylics and polyesters, acrylic latexes, and polyurethane dispersions, but instead of an organic 

solvent, water was used as the volatile compound [16, 17].  This distinction is crucial for 

understanding why certain coatings or [18] paints are labeled water or solvent based.  Water is 

considered a solvent, but an inorganic solvent because it is not a carbon-based substance.  While 

solvent-based has been used for a long time, it describes organic solvent solutions.  It is also 

important to note that waterborne coatings do not mean they are entirely free of organic material, 

but instead have water dissolvable components to limit the emission of VOCs.  Many automotive 

companies have started to incorporate water-based or powdered basecoats, but solvent-based 

paint is still considered the preferred clearcoat for aesthetic purposes [19]. When deciding on a 

primer though, Deters (2006) mentions water, solvent or powder-based paints are equal 
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candidates.  Although not investigated in this project, powder coatings are part of the advances in 

paint technology.  They consist of little to no water or solvents and are mostly in dry form.  To 

apply, the powder is positively charged and attracted to surfaces of the vehicle that are 

electrically grounded.  The now powder-coated surfaces are melted in an oven to form a smooth 

coating.    

In addition to making paint coatings out of a water dilutable solution, there has been 

research into trying to capture and recover VOCs [20].  While the research into recovering VOCs 

is ongoing, these paints still contain a significant amount of organic solvents with the water and 

do not necessarily lessen the environmental footprint [21].  Characteristically, all paints consist 

of solvent, binders, pigments, and additives, thus their paint sludge counterpart will as well, 

prove to be a complex material to dispose.  

2.2 Investigations into Recycling and Disposal of Automotive Paint Sludge 

  

The previous section delved into the complex chemical nature of paint sludge produced 

in the automobile industry.  Although, the name “water-based” implies an organic free solution, 

that is not the case and instead is considered a combination of both organic and inorganic 

materials.  A brief discussion on the solubility of organic and inorganic solutions will be given, 

as well as how they relate to the chemical composition of solvent and water-based paint sludge 

samples.  This will provide a better understanding of the difficulty in establishing paint sludge 

disposal and recovery methods.  Finally, previous research attempts at recycling and disposing of 

automotive paint sludge will be examined.   

2.2.1 Solubility of Inorganic and Organic Compounds 

 Typically, inorganic compounds have high solubility in water and the following inorganic 

compounds are considered generally soluble in water [22]:  
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1. Ammonium (NH4
+), potassium (K+), sodium (Na+): All ammonium, potassium and 

sodium salts are soluble, except some transition metal compounds.  

2. Bromides (Br -), chlorides (Cl-), iodides (I -): All chlorides, iodides and most 

bromides are soluble, except salts containing silver, lead and mercury.  

3. Acetates (C2H3O2
-): All acetates are soluble, except silver acetate is moderately 

soluble.  

4. Nitrates (NO3
-): All nitrates are soluble. 

5. Sulfates (SO4
2-): All sulfates are soluble except barium and lead, while silver, 

mercury (I), and calcium sulfates are slightly soluble. Hydrogen sulfates (HSO4
-) are 

more soluble than other sulfates, most likely due the hydrogen bonding.  

The next inorganic compounds are considered generally insoluble in water [22]. 

1. Carbonates (CO3
2-), chromates (CrO4

2-), phosphates (PO4
3-), silicates (SiO4

2-): All 

carbonates, chromates, phosphates, and silicates are insoluble, except those of 

ammonium, potassium and sodium. MgCrO4 is soluble.  

2. Hydroxides (OH -): All hydroxides (except ammonium, lithium, sodium, potassium, 

cesium, rubidium) are insoluble. Ba(OH)2, Ca(OH)2, and Sr(OH)2 are slightly soluble.  

3. Silver (Ag+): All silver salts are insoluble, except AgNO3, AgClO4·AgC2H3O2, and 

Ag2SO4 are moderately soluble.  

4. Sulfides (S2
-): All sulfides are insoluble, except sodium, potassium, ammonium, 

magnesium, calcium and barium.  

5. Aluminum sulfides and chromium sulfides are hydrolyzed and precipitate as 

hydroxides.  
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Unlike inorganic compounds, organic compounds are covalently bonded and non-polar 

molecules which tend to dissolve in solvents that have similar properties, thus the phrase, “like 

dissolves like,” is often used when discussing solubility of organic compounds.  Generally, non-

polar molecules dissolve in non-polar solvents and vice versa.  However, the solubility of a 

compound can become more complicated when polar functional groups are added to a non-polar 

hydrocarbon [23].  The solubility of the polar/non-polar compound is proportional to the number 

of carbons present in the hydrocarbon chain.  For example, alcohols that contain short chains of 

carbon atoms, such as methanol and ethanol, are infinitely water soluble.   

These generalized rules do somewhat apply to the automotive paint, however, the mixture 

of paint is filled with compounds that, alone, may be soluble in an organic solvent, but combined 

with other components, make it slightly soluble in an organic solvent.  

2.2.2 Example of Automotive Paint Sludge Chemical Compositions  

 To understand the solubility of automotive paint sludge, it is worth looking at what is 

added to make the paint and the sludge.  Tables 1.1 and 1.2 provide chemical compositions of 

different water-based and solvent-based paints used at automotive manufacturing facilities, 

respectively.  The solvent-based paint chemicals in Table 1.2 can be grouped into hydrophilic 

and hydrophobic groups.  The hydrophilic group contains aromatic hydrocarbons: toluene, 

xylene, ethyl benzene, 1,2,4-trimethylbenzene and naphthalene; aliphatic hydrocarbons: heptane 

and naphtha; and other hydrocarbon mixtures.  These hydrophilic compounds have greater water 

solubility. The hydrophobic group consists of ketones: acetone, methyl ethyl ketone, methyl 

isobutyl ketone, methyl amyl ketone, and di-isobutyl ketone; esters: ethylacetate, n-butylacetate, 

ethyl propionate, and isobutyl isobutyrate; alcohols: methanol, ethanol, propanols and butanols; 
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and glycolethers [1].  Due to the larger number of carbon atoms, the compounds become more 

non-polar and will exhibit less solubility in water.  

 

Table 2.1. Chemical composition of two water-based paints [1]. 

Material Level (%)a Level (%)b 

2-butoxyethanol 10  

isopropyl alcohol 2.5  

2,4,7,9-teramethyl-5-decyn-4,7-diol 1  

2,2’-(ethylenedioxy) diethanol 2  

titanium dioxide  21 

naphta  4 

polyurethane  3 

polyester resin  7 

melamine formaldehyde  4 

ethylene glycol monobuthyl ether  7 

2-hexyloxyethanol  2 

polymethylmethacrylate  10 

water  40 

a Composition of the paint used at an automotive manufacturing plant in Turkey. 
b Composition of the paint produced by DuPont [24].  
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Table 2.2. Chemical composition of three solvent-based paints [1]. 

Material Level (%)a Level (%)b Level (%)c 

n-buthyl acetate 35 3  

xylene 5 18 41.64 

butan-1-ol 3 14  

1,3,5-triazine-2,4,6-triamine, polymer with 

formaldehyde 

20   

butylated ethylbenzene 1 1  

naphta (petroleum), hydrotreated light 1 3  

2-(2-butoxyethoxy) ethanol 1   

heptane 1   

naphta (petroleum) light alkylate 0.25   

solvent naphta (petroleum) light a. 0.25   

naphta (petroleum) hydrodesulphurized heavy 0.25   

1,2,4-trimethylbenzene 0.25   

solvent naphta (petroleum), medium aliphatic 0.2   

methanol  2  

melamine formaldehyde  12  

cumene  1  

3-methacryloxypropy-trimethoxy-silane  5  

polymethylmethacrylate  42  

carbon black   3.15 

calcium carbonate   8.97 

thickener   2.97 

triethylamine   0.32 

toluene   19.92 

drying agents   1.59 

talc   9.98 

polycarboxylic acid   0.54 

methyl-ethyl-cetoxime   0.16 

bonding agent   1 

a Composition of the paint used at automotive plaint in Turkey. 
b Composition of the paint produced by DuPont [24]. 
c Composition of the paint reported by Arce et al. (2010). 
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Additionally, the chemical compositions of flocculents and detackifiers used by an 

automotive plant in Turkey [1] are found in Table 1.3.   

 

Table 2.3. Chemical compositions of flocculants and two detackifiers [1]. 

Flocculant Detackifier for water-based paint 

sludge 

Detackifier for solvent-based 

paint sludge 

Content Level 

(%) 

Content Level (%) Content Level (%) 

Acetic acid 10 Aluminum 

sulfate 

20 Aluminum sulfate 20 

Ammonium 

chloride 

3 Ammonium, 

diallyldimethyl-, 

chloride, 

polymers 

0.25 Amines, 

polyethylenepoly-, 

polymers with 1,2-

dichloroethane 

0.25 

 

Table 2.3 is a great example of how complex paint sludge is.  The flocculant, acetic acid 

and polydiallyldimethylammonium chloride (polyDADMAC), are both miscible in water and 

may be used to process solve-based overspray, making the paint sludge a combination of organic 

and aqueous solution.  There are chemical separation methods in which organic and aqueous 

solutions separate, but when it comes to paint sludge materials, some inorganic compounds are 

entangled with long chained organic compounds, like flocculants, that it is difficult to achieve a 

high separation.   

2.2.3 Other Research in Recovery and Disposal of Automotive Paint Sludge 

 As previously mentioned, automotive companies have been the largest initiators for zero-

waste to landfill compared to other industries.  Toyota’s North American Environmental Report 
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shows they generated a total of 745.8 million pounds of waste (both non-hazardous and 

hazardous), but recycled, reused or composted 92.4% of that generated waste.  1.9% was sent to 

landfills for disposal and 5.7% was incinerated or used for fuels blending or waste-to-energy 

[25].  Toyota Motor Manufacturing Indiana Inc. (TMMI) achieves signification waste 

minimization results of hazardous waste removal by “reducing purge solvent waste from 6.60 

pounds per vehicle to 3.03 pounds per vehicle,” with an “annual reduction of more than 1.3 

million pounds of hazardous waste” [26].  In 2017, 27 North American Toyota facilities (10 of 

27 which are manufacturing plants) met the U.S. Zero Waste Building Council definition of zero 

waste site [27].  Along with Toyota, General Motors, Ford and Subaru all have a substantial 

number of facilities consider zero-waste to landfill facilities and are continuously trying to 

reduce the weight of waste generated per vehicle.  In fact, Ford sends 8.6 pounds of waste per 

vehicle to landfills worldwide compared to the 85 pounds generated per vehicle in 2007 [28].   

 Currently, the major method of disposal of paint waste across the globe is incineration as 

refuse-derived-fuel for energy recovery.  However, there has also been a need to eliminate the 

disposal via incineration due to air pollution restrictions.  Research conducted over the last 30 

years have sought to either extract the valuable materials present within the paint sludge, or 

pyrolyze the paint sludge to be used as a type of activated carbon substance, as well as reuse the 

waste as construction materials.   

 On average, automotive companies paint their vehicles white more often than any other 

color.  The white pigment is derived from the inclusion of titanium dioxide in the basecoat.  

Titanium dioxide is included in almost all paint basecoats, not just for the white color, but as a 

base pigment that other color additions will derive their brilliance, along with optimizing the 

scattering of visible light.  There are constant research pursuits in trying to efficiently and 
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economically extract this oxide.  Khezi et al. (2012), sought to extract the titanium dioxide via 

acidic digestion and gravity separation.  They were able to recover 67.41% of the titanium 

dioxide comparable to the shine, hardness and washability of titanium dioxide paint on the 

market [29].  Aside from aqueous chemistry, investigations into extracting inorganic oxides were 

done via pyrolysis.  United States Patent 5,543,367 by Ford researchers presented a process 

aimed at recovering the organic and inorganic components as gaseous, liquid and composite 

materials.  Gaseous components were eliminated between 50 – 550°C and were comprised of 

mostly aromatic organics.  The liquid components were collected between 50 – 600°C and were 

found to contain non-aromatic polymers.  Finally, the solid residue, captured at low 

temperatures, was analyzed and found to have barium titanate and rutile titanium dioxide [30, 

31].  

Other pyrolytic processes seek to convert the paint sludge into a type of activated carbon-

like material. The process, described by Kim et al. (1996), consists of mixing the paint sludge 

with potassium hydroxide and pyrolyzing at 600°C.  The resulting char contains inorganic 

oxides, suitable for the adsorption of VOCs.  The process recovers less than 30 – 40% of the total 

mass of the dried paint sludge waste [30] but can be reused in the paint booth scrubber water to 

remove VOCs from the air.  Two patents by Agarwal (US Patent 5,129,995 and 5,198,018) [32, 

33] also employ a pyrolysis process for the reclamation of the paint sludge material.  The patent 

describes pyrolyzing the organic components of the paint sludge, recovering the inorganic 

compounds.  The latter patent shows a 25% recovery of the inorganic oxide materials to be 

reused as a paint filler [30].  

The invention described in U.S. Patent 7,128,780 applies the liquid paint sludge to the 

production of cement and concrete-like building materials [34].  This is considered a low-tech 
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application that may allow for a large range of material properties.  Since the chemical 

composition of paint sludge varies amongst automotive companies and within the company 

depending on the type of car painted, an application where the material is only minimally 

manipulated is preferred.  U.S. Patent 5,489,333 utilizes the paint sludge as an expansion 

additive in Portland cement concrete mixtures, resulting in a concrete material that was equally 

resistant to chemical and physical causes of deterioration [30, 35].  

The goal of every patent and investigation mentioned is to make either an economical 

and/or sustainable development in recycling and disposal applications of automotive paint 

sludge.  Via pyrolysis or aqueous chemistry, eliminating the hazardous characteristics of the 

paint sludge material and reducing the volume of waste were moderately achieved. Nevertheless, 

further experimentation is required for an industrial scale application.   
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CHAPTER 3 

A REVIEW OF IRON ORE PELLETIZING FOR USE IN BLAST FURNACE AND DIRECT 
IRON REDUCTION PROCESSES 

  

Almost all of the world’s steel is produced by one of two technologies: 1) the integrated 

iron – and steelmaking process or 2) the electric arc furnace (EAF) process.  The integrated iron 

– and steelmaking process starts with lump ore, sinter and pellets into the blast furnace (BF) 

followed by basic oxygen furnace (BOF) processing.  On the other hand, the EAFs produce steel 

from scrap and direct reduced iron (DRI).   

 

Figure 3.1. Global production of blast furnace iron (BFI) and direct reduced iron (DRI) between 

1980 and 2012 [36, 37, 38]. 

 

Figure 3.1 shows how there has been a steady increase in the use of DRI.  However, BF 

ironmaking is still considered the dominant process for providing steelmaking raw materials 

[38].  This chapter will focus on the iron ore pellet production for feed into the first stage of each 

of these steelmaking technologies: the blast furnace and DRI process.  Iron ore pellets are used in 

both processes to react with reducing gases and melted to produce iron for further refining. These 
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pellets must meet specific chemical and physical requirements to be considered suitable feed 

material.   

3.1 Iron Ore and Pellet Production for Iron and Steel–making  

The earth’s crust contains approximately 5% iron and can be found in nature as the 

following minerals: magnetite (Fe3O4), hematite (Fe2O3), goethite (FeO(OH)), and siderite 

(FeCO3), with magnetite and hematite as the common minerals used for metallic iron production 

[39].  Iron levels in ores must be about 60% to be considered economical and usable ore.  

Typical “run-of-mine” ore ranges from 25% to 67%, with high impurity levels, and for those 

below 60%, the ore must first be upgraded through beneficiation methods. These low-grade ores 

require beneficiation methods for concentrating the ore before it can be considered feed material 

to a blast furnace.  Many beneficiation techniques will create an upgraded iron ore with low 

impurity content but at the cost of producing it as a fine material, not suitable as blast furnace 

feed material.  Beneficiation methods include liberation and separation, froth flotation and 

magnetic separation.  Magnetic separation can be especially useful in separating the 

ferromagnetic magnetite from the paramagnetic hematite and diamagnetic gangue material.  

Iron ore pellets are one of three main forms of iron provided for steelmaking, the other 

being iron ore lump and sinter.  The use of pellets has developed in response to the increase in 

low-grade iron ores and worldwide steel consumption allowing for cost-effective pelletization 

technologies.  World iron ore pellet production was 388 Mt [40] with 36 million metric tons in 

the United States in 2010 [39].  Fines created from iron ore handling and concentrating low-

grade ores are agglomerated in a process called pelletization.  
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3.1.1 Pelletization 

Initially investigated in Sweden by A.G. Andersson in 1912, pelletization was later 

commercialized to large scale in the United States [39].  Pelletization is the process by which 

raw iron ore material is mixed with water, binder and other additives in a drum or disc pelletizer 

to produce “green pellets.”  The green pellets are then dried at about 100°C and then are heated 

to a temperature below the melting point of iron, but high enough to sinter the material.  Between 

1200 – 1300°C, the materials sinter together and are hard enough to withstand further handling 

and transportation.  The amount of water added is dependent upon the pelletizing plant, as it a 

balance between getting the materials moist enough for cohesion but not turning the mixture into 

mud.  The addition of an appropriate amount of water allows for formation and growth of the 

pellets by creating surface tension holding the grains together.  The binder and additives used are 

a crucial component to the physical and chemical properties of the pellet and will be discussed in 

more detail in this section.   

As mentioned before, the material fines are added to a drum or disc pelletizer, considered 

the two main types of pelletizers used in industry.  Figure 3.2 shows a schematic of a drum 

pelletizer slightly elevated by 3–4°.  The rotating speed of the drum is usually 25–35% of the 

speed in which agglomerated balls will centrifuge causing degradation [41].  In addition to the 

rotational speed of the drum, time spent in the drum is also important and is given by the 

following equation: 

! = 	 !.!!#$(&'())+
,-.

                                                      (3.1)  

 where: T is the residence time in minutes. 

 L is the length of the drum in feet. 

 D is the diameter of the drum in feet. 
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 n is the revolution speed in revolution per minute. 

 S is the slope of the drum in inches per foot length.  

 

 

Figure 3.2. Drum pelletizer for iron ore pelletization process [39]. 

 

The feed is introduced at the elevated side along with a water spray and the pellets exit 

onto a roller screen.  The vibrating roller screen separates those pellets that are either too small or 

too big from the desired size.  The pellets not appropriately sized will be recirculated back to the 

feed inlet.  The roller screen separates those pellets that are either too small or too big from the 

desired size.  The pellets not appropriately sized will be recirculated back to the feed inlet.  

Desired size of pellets is customarily between 8 and 16 mm in diameter.  

 In addition to drums, disc pelletizers are also used worldwide in iron ore pellet 

production.  Figure 3.3 is a diagram of a common disc pelletizer.  The desired feed mixture is 

feed into the disc at the bottom where there is also a water spray.  The discs are inclined between 

40 – 60° from the horizontal.  A second water spray is located farther in the disc to assist in 

pellet formation.    
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Figure 3.3. Disc pelletizer diagram [42]. 

As seen in Figure 3.3, centrifugal force causes the pellets to start off as seeds in the outer 

diameter of the disc and move farther left into the disc, coalescing into pellets.  The finished 

pellets then exit to the side of the disc via centrifugal force.  Similar to the drum, disc rotational 

speed is also important as it affects how well the pellets will stay together.  However, a higher 

angle of the disc will result in less residence time for the pellets, yielding smaller pellets, and 

vice versa.  Angle, speed of rotation and amount of water used are all customizable based on the 

plant practice.  It is a balance based on their previous attempts at pelletizing with their specific 

material.  Much of the specifics from industrial companies are not mentioned because these 

customizations lead to high quality products.  

 An essential element to pelletization is the agglomeration of the pellets.  With the 

advancements in steelmaking and pellet production, the bonding mechanisms of pellets have also 

been studied.  Agglomeration bonding mechanisms consist of solid bridges between particles via 

sintering, chemical reaction, recrystallization; interfacial forces and capillary pressure; adhesion 

and cohesion forces in bonding bridges; attraction between particles via molecular, electric or 
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magnetic forces; and interlocking [43, 44, 45].  With respect to the balling of the pellets in the 

drum and disc pelletizers, five agglomerate growth structures occur shown in Figure 3.4. 

 

Figure 3.4. Pellet growth mechanisms. (a) Nucleation, (b) snowballing/layering, (c) coalescence, 
(d) breakage, and (e) abrasion transfer [45, 46]. 

 

Pellet growth can be followed by the mechanisms presented in Figure 3.4.  Nucleation 

occurs as new seeds composed of moist feed material via capillary attraction of the moist 

particles.  The seeds then accumulate with the new material fed into the system causing a 

“snowballing or layering” effect.  Coalescence produces larger size agglomerates through 
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clumping of two or more granules.  Breakage leads to fragments of the pellets that can later 

reform into another pellet.  Abrasion transfer refers to the transfer of material from one pellet to 

another, thus changing the sizes of both [45, 46].  Figure 3.5 also shows the formation of green 

pellets made via drum and disc pelletizing.   

 

Figure 3.5. Formation of green pellets [47, 48]. 

The process proceeds with small particles of the mixture covered by a water film which 

aids in the bridging of the particles.  As summarized by Zhu et al. (2015), “the green balls of the 

finely ground iron-bearing materials, are formed by the capillary and viscosity forces of the 

liquid between the concentrate particles, as well as the hydrogen bonding between the 

concentrate particles and water during the rolling of the green balls in the disc or drum 

pelletizers.” [48]  It is important for the green pellet’s formation to continue, that certain 

characteristics and specificities are set. These being the balling parameters where the moisture 

and binder content is set and determined by each company, pellet feed size distribution and 

hydrophilicity, and finally the operating conditions of the pelletizer.  A desired size distribution 

for the iron ore material is at least 70% -44 microns with a specific surface area (Blaine index) of 

less than 1200 cm2/grams [48].  
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 In the final couple of steps of the pelletization process, the green pellets are 

indurated/fired and cooled.  Induration of the green pellets gives them their hardness and strength 

required for storage and transportation.  As mentioned before, the green pellets are essentially 

held together via capillary and hydrogen bonding forces, after the formation the pellets are dried 

and most of the water is evaporated, leaving them mechanically weakened.  Those forces do help 

in formation of the pellets but once the moisture is gone, there are not enough chemical or 

mechanical forces to keep the material together as a pellet.  Magnetite pellets indurated undergo 

chemical changes via the oxidation of magnetite and sintering of the hematite (oxidized 

magnetite phase) in addition to physical changes from face center cubic lattice magnetite to 

rhombohedral lattice hematite.  The change in phase and sintering causes a shrinkage, resulting 

in a densified pellet [49].  Usually, the oxidation occurs between 300–700°C, followed by the 

sintering at greater than 1000°C.  These two processes do not always occur in series, but rather 

may occur continuously.  The oxidation and sintering would each start at the surface of the pellet 

and continue to the center, but due to the exothermic nature of the oxidation of magnetite, it is 

possible for the pellet to develop a hematite shell with a magnetite core [50].  The pellets may be 

covered by a thin layer of the hematite phase, which will decrease the oxidation rate, however, 

the differences in crystal structure within the pellet, where the core is magnetite and the shell is 

hematite, cause structural stress and breakage.  This breakage within the pellet will allow for a 

faster diffusion of the oxygen through the shell, especially at higher temperatures.  Figure shows 

the iron-oxygen phase diagram where changes in temperature and percent oxygen influence 

phase transformation of iron oxides.    
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Figure 3.6. Iron-oxygen phase diagram at 1 atmosphere pressure [51]. 

  

Aside from the physical and chemical transformations, the induration stage of 

pelletization is where the green pellets obtain their mechanical resistance and metallurgical 

characteristics for downstream ironmaking.  The firing zone reaches temperatures above 1000°C 

causing the sintering of secondary hematite particles, formed by the oxidation of magnetite.  The 

sintering of secondary hematite occurs by grain growth as well as the presence of a liquid phase 

facilitating material transport [52].  Increases in mechanical strength are also due to binder and 

limestone additions.  A liquid phase present during the induration is common in fluxed pellets.  

Basic additives, such as CaO and MgO, react with the acid constituents naturally occurring in the 

ore, SiO2 and Al2O3.  All of these components influence the basicity and thus the final 

characteristics of the pellet.   

Each stage of the pelletization process has been detailed above: (1) preparation of raw 

materials, (2) mixing of materials, (3) formation of green pellets, and (4) induration/firing of 

green pellets.  In most cases, these stages are not separated from one another, but in fact occur in 

series.  Pelletizing plants employ the use of one of three different firing technologies: shaft 
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furnace, grate-kiln (GK), or straight grate (SG).  Shaft furnaces, shown in Figure, are low in 

capital and operating costs, but only accept magnetite ore feed.   

 

Figure 3.7. Shaft furnace diagram [53]. 

 

Productivity is low using shaft furnaces, with the largest capacity reported to be 600,000 

tonnes per furnace in Benxi Steel, China in addition to producing inconsistently fired pellets [48, 

54].  On the other hand, grate-kilns, shown in Figure 3.8, are capable of handling larger 

capacities, up to 6–7 Mt, compared to shaft furnaces while producing more uniformly fired 

pellets using a variety of feeds, such as magnetite, hematite, specularite, goethite, and pyrite 

cinder. [54]  Grate-kiln induration process consists of three different reactors: drying and pre-

heating of green pellets, firing via rotary kiln, and cooling.  Drying and pre-heating use of hot 

gases recovered from the downstream kiln to limit energy use.  The pre-heating zone can be 

divided into two stages: tempered pre-heating and pre-heating.  This is done so the pellets gain a 

bit of mechanical resistance before they are transferred to the rotary kiln.    
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Figure 3.8. Schematic diagram of grate-kiln induration process [45, 48]. 

 

The movement of the kiln, rotating and mixing the pellets grants even temperature among 

the pellets, granting uniform development of the fired pellets.  Although producing uniform 

pellets is important and contributes to the consistency of the grate-kiln induration process, one 

disadvantage is the transfer of pellets between reactors and is a major reason the pellets have an 

involved pre-heating zone.  Charging and discharging from one reactor to another causes a lot of 

generation of fines, especially from drying to preheating and finally, to the rotary kiln.  Albeit a 

considerable disadvantage, the capacity of the grate-kiln system to handle sizable feed while 

creating homogeneous pellets makes it worthwhile.  Straight grate systems, as shown in Figure 

3.9, can have an annual capacity of 9.25 Mt and like GK’s, handle different types of feed while 

also producing fluxed and acidic pellets [55].   However, they are both similar in which they are 

zone divided: drying, heating, firing and cooling.  SG systems have the advantage over GK when 

it comes to the generation of fines; since, pellets are moved along a conveyor, there is no 

charging/discharging which causes abrasion of the material.   
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Figure 3.9. Schematic diagram of straight grate induration process [45, 48]. 

 

 

Figure 3.10. Temperature profile for pellets in grate-kiln induration process [56]. 

 

Figure 3.10 presents a temperature profile of pellets as they move along the straight-grate 

process.  This temperature profile is considered an average, but the specific temperatures reached 

are not always attained and depend on the subsequent reduction process.  Between the three 

pelletization technologies presented, the grate-kiln and straight grate processes are the most 

dominant with 40% of worldwide pelletization capacity using grate-kiln and the other 60% for 
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straight grate [45].  A summary of the comparison between straight grate and grate-kilns is 

provided in Table 3.1. 

 

Table 3.1. Overall comparison of straight grate and grate-kiln pelletization [57, 48].  

VARIABLES SG GK REMARKS 

IRON ORE 
MATERIAL 

Hematite Yes Limited The GK is best suited for 
magnetite and 

magnetite//hematite 
mixtures. SG is suitable 

for all types of feed. 

Magnetite Yes Yes 

Hematite/magnetite 
mix 

Yes Yes 

UNIT 
CAPACITY 

3 – 7 Mtpa Yes Yes GK does not have 
capacities beyond 7 Mtpa 7 – 9 Mtpa Yes No 

FUEL TYPE 

Natural gas Yes Yes SG does not use coal. GK 
can operate will all fuels. 

SG GK also has only 
limited use for carbon 

addition to mix. 

Fuel oil Yes Yes 
Pulverized coal No Yes 

Carbon addition to 
hematite mix 

High 
amount 

Limited 
use 

THERMAL ENERGY 
CONSUMPTION 

 

Slightly 
lower 

Slightly 
higher 

There is a small advantage 
for the SG. 

ELECTRICAL ENERGY 
CONSUMPTION 

Higher Lower 
GK has advantage due to 

smaller process fans 

PRODUCT QUALITY 
Slightly 
lower 

Slightly 
higher 

GK produces more 
uniform pellets 

FINES GENERATION Less fines 
More 
fines 

SG produces less fines 
due to fewer transport 
points and no abrasion. 

CAPEX 
Slightly 
higher 

Slightly 
lower 

GK has a slight advantage 
with process fans, no 

hearth layer return system 
and less building costs 

without demands for high 
temperature alloy steel. 

OPEX Similar Similar Site specific 
ENVIRONMENTAL 

PERFORMANCE 
Similar Similar 

GK may reduce emissions 
of NOx. 

 

3.1.2 Direct Reduced Iron (DRI) 

 It was mentioned at the beginning of this chapter how the direct reduced iron process is 

one of the major technologies in iron and steelmaking.  Direct reduction is the solid-state process 
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by which iron oxides or other iron-bearing materials are reduced to metallic iron at temperatures 

below the melting point of iron.  DRI plants have gained much popularity, growing from 0.80 

million tons per year in 1970 to 49 million tons in 2003, as an alternative to blast furnaces for 

many reasons [58].  One being, they are not integral to the steel plant and can be built at a 

separate location.  DRI plants are also considered more environmentally friendly in comparison 

to BFs.  Carbon monoxide and hydrogen are the two main reducing gases used in DRI plants and 

are generated through the gasification of coke/coal or by reforming natural gas.   

The gasification of coke/coal is also known as the Boudouard reaction, chemical equation 

3.2.   

C (s) + CO2 (g) = 2 CO (g) (3.2) 

 

The Boudouard reaction describes the temperature dependent equilibrium between 

carbon monoxide and carbon dioxide, becoming an important factor in DRI plants above 

1000°C. Shown in Figure, at low temperatures, CO decomposes to C and CO2, while at 

temperatures between 500–800°C, both CO and CO2 are present, and finally, above 1000°C, all 

CO2 reacts with C to form CO gas. 

Based on the Boudouard reaction, reducing reactions can occur since CO and CO2 are 

present, but as the temperature increases, CO gases become the main available species.  

Reducing reactions via solid carbon can occur at 1300–1500°C, a relatively higher temperature 

needed for a solid-solid reduction reaction.  Reforming natural gas produces both H2 and CO. 
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Figure 3.11. Equilibrium pressure of CO and CO2 in equilibrium with graphite at 1 atmosphere. 

 

The product of DRI plants, direct reduced iron, is a porous solid that is also called sponge 

iron.  The sponge iron is comprised of 90–94% metallic iron, some unreduced iron oxides, 

carbon at about 1–4% and other gangue [58].  The carbon is considered desirable for further 

downstream processing.  Typical issues with DRI are its susceptibility to oxidation and rust in 

addition to the pyrophoric nature of bulk iron.  To prevent the oxidation to rust it is usually 

processed to steel quickly or protected in some way.  Quickly processing the iron also prevents it 

from spontaneously catching on fire.  The technology can be divided into two categories based 

on the reduction method: gas and coal based.  In either case, the feed material is almost always 

hematite which will easily reduce to magnetite and then proceeds to reduce further to wüstite 

before finally reducing to metallic iron.   

The stability diagram, Figure 3.12, shows how little reduction energy is needed for 

hematite to reduce to magnetite and magnetite to wüstite.  However, the CO/CO2 and H2/H2O 

ratios are greater for the reduction of wüstite to metallic iron.  
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The chemical equations of interest are: 

3Fe2O3 + H2 = 2Fe3O4 + H2O  
 

3Fe2O3 + CO = 2Fe3O4 + CO2     

(3.3) 

 

 

Fe3O4 + H2 = 3FeO + H2O  
 

2Fe3O4 + CO = 3FeO + CO2                                      

(3.4) 

 

 

FeO + H2 = Fe + H2O  
 

FeO + CO = Fe + CO2                                                       

(3.5) 

 

 

 

 

Figure 3.12. Stability diagram of iron and iron oxide in terms of C and H species 
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 Gas-based direct reduction processes include MIDREX and HYL III as the main 

technologies, accounting for 91% of the world’s DRI production [58].  These technologies 

employ moving bed or fluidized bed shaft furnaces that can handle and produce at large 

capacities.  Characteristics of relative DRI processes are shown in Table 3.2. 

Table 3.2. Common DRI processes used [58]. 

Process Builder Charge Product Reactor Fuel/ 

Reductant 

Capacity 

kt/yr 

MIDREX MIDREX Lump/pellet DRI/HBI Shaft 
furnace 

Natural 
gas 

Up to 
1600 

HYL HYLSA Lump/pellet DRI/HBI Shaft 
furnace 

Natural 
gas 

Up to 700 

FINMET VAI Fines HBI 4 fluidized 
beds 

Natural 
gas 

2200–
2500 

CIRCORED Lurgi Fines HBI 2 fluidized 
beds 

Natural 
gas 

500 

IRON 

CARBIDE 

Nucor Fines Iron 
carbide 

1 fluidized 
bed 

Natural 
gas 

300 

Qualitech Fines Iron 
carbide 

2 fluidized 
beds 

Natural 
gas 

660 

CIRCOFER Lurgi Fines HBI 2 fluidized 
beds 

Coal 5 t/d 

REDSMELT SMS 
Demag 

Green 
pellets 

Liquid iron Rotary 
hearth 
furnace 

Coal 50–600 

IRON 

DYNAMICS 

Mitsubishi 
Demag 

Dried 
pellets 

Liquid iron Rotary 
hearth 
furnace 

Coal 520 

FASTMET MIDREX Dried 
briquettes 
and pellets 

DRI/HBI/ 
Liquid iron 

Rotary 
hearth 
furnace 

Coal 150–650 

COMET CRM Fines Low 
carbon slab 

Rotary 
hearth 
furnace 

Coal 100 kg/h 

ITmk3 MIDREX Dried 
briquettes 
and pellets 

Iron 
nuggets 

Rotary 
hearth 
furnace 

Coal 100 kg/h 

 

In the MIDREX process, shown in Figure 3.13, pellets/lump ore are/is initially fed at the 

top of the shaft furnace at ambient temperature. A hot reducing gas is then fed counter-currently 
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through the shaft furnace where there is a packed bed of iron ore pellets and/or lump.  The 

reducing gas moves upward through the furnace, reducing the oxygen content in the pellets from 

60 at% in hematite to 56 at% in magnetite to 50 at% in wüstite to the metallic phase [39].  These 

changes in atomic percentages are based on chemical equations 2–4.   

 

Figure 3.13. MIDREX process flow diagram [59]. 

 

Figure 3.14. HYL III Flowsheet. 
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The HYL III system consists of two processes: the reducing gas generation and the 

reduction section.  A natural gas-steam reformer is for the generation of the reducing gas to 

produce the H2 and CO required for the reduction section.  As shown in Figure 3.14, a gas heater 

is implemented to increase the temperature of the reducing gases, followed by a scrubbing unit 

for dedusting, cooling and water elimination from the top gases.  There is also a recycle gas 

compressor and the carbon dioxide removal unit.  HYL III operates at higher pressures requiring 

sophisticated equipment at the top and bottom of the reactor but compensates with an overall 

smaller plant footprint [39].  

3.1.2.1 Direct Reduced Iron Quality Pellets 

 Thirty percent of worldwide pellets produced are used in direct reduction processes for 

DRI.  The quality of the pellets fed into the DRI plant is important because it is nearly 

impossible to remove impurities once reduced and transferred to a steelmaking furnace.  Silica is 

considered the main gangue of interest because DRI plants will not process iron ore with silica 

content greater than 2–3% because it is not an acceptable feed for EAFs.  EAFs are not designed 

to handle the large amount of slag that will result from low-grade ores, making BFs a more 

suitable choice.  Besides silica, other impurities, such as phosphorus and manganese, are not 

desirable for the product and should be limited or removed out of the crude ore [39].  Specific to 

DRI plants, is the use of pellet coatings.  High-melting point oxides are used to coat the pellets to 

prevent the pellets from sticking together as the furnace temperature increases.  Stickiness in 

pellets can cause decreased productivity since a lower operating temperature would be needed to 

prevent sticking.  Table 6 shows characteristics of typical iron oxide pellets as they relate to DRI 

plants.  
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Table 3.3. Characteristics of Iron Oxide Pellets and Lump for DRI plants [39]. 

Parameter Units Pellets Lump 

Fe wt% 65 – 68 67 minimum 
SiO2 wt% 1.0 – 3.0 3.0 maximum 
Al2O3 wt% 0.2 – 0.3 
MgO wt% 0.2 – 0.9  
CaO wt% 0.4 – 1.2  

S wt%  0.008 maximum 
P wt%  0.03 maximum 

Size mm 9 – 16 – 35 + 10   
Compression strength N 2500 – 3000  

Tumble index % + 6.15 mm 92 – 95  
Reducibility index wt% 92 – 95  

 

 

3.1.3 Blast Furnace Iron  

 The other main route for steelmaking involves blast furnace (BF) ironmaking followed by 

basic oxygen steelmaking (BOS).  The pellets of concerns are reduced in the BF to produce pig 

iron before they travel to the BOF.  BFs use sinter and lump ore in addition to pellets, as the iron-

bearing materials.  Coke, the main source of energy and reductant, and sometimes limestone, are 

also charged into the BF, but separately from the iron-bearing materials, so as to create a layered 

structure as seen in the figure below. 

 The BF operates as a countercurrent reactor with the solid burden charged from the top, 

while oxygen enriched hot air (1200–1300°C) and other fuels are injected via tuyeres located 

above the hearth.  Modern BFs are between 20 and 35 meters and have hearth diameters ranging 

from 6 to 14 meters which can produce 1,000 to 10,000 tons of pig iron daily [61].  
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Figure 3.15. Schematic of a blast furnace cross-section [38, 60].  

 

 The oxygen enriched hot blast of air reacts with the coke in the belly and bosh of the BF 

to produce a mixture of nitrogen and carbon monoxide.  While the hot mixture of gas is 

ascending the shaft of the BF, the iron-bearing burden is descending and is reduced by the 

carbon monoxide gas in the upper portion of the furnace.  This reaction is an indirect reduction 

of the ferrous materials.  In the lower portion of the BF, carbon dioxide reacts instantly with coke 

to form carbon monoxide, through the Boudouard reaction (described above), which reduces iron 

oxide to metallic iron.  Direct reduction of the iron ore by solid carbon in the high-temperature 

lower portion of the BF.  The chemical and physical reactions throughout the BF are described 

next. 

 The production of carbon monoxide and hydrogen gas is shown through chemical 

equations 3.6–9. 

C + O2 = CO2 (3.6) 
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C + CO2 = 2CO (3.7) 
 

2C + O2 = 2CO (3.8) 
 

C + H2O = CO + H2 (3.9) 
 

Chemical equation 3.6 shows the direct reduction via solid carbon of unreduced iron ore present 

in the slag. This reduction is done in the cohesive zone: 

C + FeO = Fe + CO  (3.10) 

 

As the gas mixture is ascending above the cohesive zone, the burden is being heated and reduced 

via indirect reduction:  

CO + FeO = Fe + CO2 (3.11) 

 

The Boudouard reaction and water vapor reaction with coke: 

CO2 + C = 2CO (3.13) 
 

H2O + C = CO + H2 (3.14) 
 

The reduction reactions of the ferrous material are exact to those that occur in the DRI process.  

Hematite is reduced to magnetite at around 500°C, magnetite is then further reduced to wüstite 

between 600–900°C and finally, wüstite to metallic iron between 900–1100°C [62].  Both carbon 

monoxide and hydrogen gas are the reducing agents for these reactions.  The BF produces 

molten iron and slag.  The slag floats atop the of the molten iron since it is less dense.  It is a 

non-metallic product that consists of silicates, aluminosilicates and calcium-alumina-silicates 

[63]. Each are tapped separately at regular intervals.  For pig iron production, the molten iron is 

cast into ingots.  For steelmaking, integrated steel mills transfer the molten iron via torpedo ladle 

cars to steel converters.  The slag is moved to slag pits for further processing.  

H2 + FeO = Fe + H2O (3.12) 
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3.1.3.1 Blast Furnace Iron Quality Pellets 

 This section discusses the type of pellets suitable for blast furnace iron process.  While 

there are similarities in the physical or chemical composition of BF-pellets versus DRI-pellets, it 

is important to discuss some of their differences. For example, BF-pellets do not need to be 

coated to prevent stickiness from occurring.  Also, there is a larger margin in allowance of 

impurity content as the molten iron is further refined in the BOF, while there is little possibility 

for impurity removal during the DRI process.  

 

Table 3.4. Characteristics of Typical Iron Oxide Pellets for Blast Furnaces [39]. 

Parameter Units Pellets 

Fe wt% 63 – 65 
SiO2 wt% 2.5 – 5.3 
Al2O3 wt% 0.4 
MgO wt% 0.3 – 1.5 
CaO wt% 0.6 – 3.6 
Size mm 9 – 16 

Compression strength N 2850 – 3190 
Tumble index % + 6.15 mm 95 – 96 

Reducibility index wt% 91 – 97 

 

In the BF, size distribution of the raw materials is important for the uniform flow of gases 

through the charge bed.  In addition to gas control, the burden distribution also determines the 

shape of the cohesive zone and how well the BF will operate [64].  Charging the BF dense 

material will not allow for the gases to flow through the bed and can disrupt the BF operation.  

The use of iron ore pellets allows for gas permeability amongst the pellets in the burden, as well 

as within each pellet due to its porosity.   
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3.2 Binders and Additives for Iron Ore Pellets 

 

 As briefly mentioned before, the agglomeration process of iron ore pellets involves the 

addition of a binder that does essentially what it is named after: to bind all the materials together.  

The most used binder in the pelletization process is bentonite clay.  In addition to a binder, 

additives are added to satisfy certain BF or DRI process requirements.  While they can improve 

the quality of the pellet, their most important contribution is to balance the acidic components 

within the pellets.  This section reviews research on the type of binders and additives used for 

production of quality iron ore pellets.  

3.2.1 Binders for Iron Ore Pellets 

Bentonite is an aluminum phyllosilicate mineral containing high acid content (SiO2 and 

Al2O3) which are not suitable for the ironmaking process.  During the BF process, the gangue, 

including SiO2 and Al2O3 will report to the slag.  Increases in slag acidity can result in a viscous 

slag if appropriate precautions are not taken.  The slag acidity can be offset by including flux 

directly into the burden or incorporating it as part of the sinter or pellet chemical composition 

itself.  However, by doing so, the iron content of the sinter or pellets is reduced as well as the 

productivity. Because bentonite is a clay, it is able to absorb water and swell up to eight times its 

volume.  This clay also has strong cohesive forces when wet, improving the overall plasticity.  

All of these characteristics enhance the mechanical properties of green pellets, and later on, fired 

pellets.   

Research into bentonite alternatives have been around since the beginning of the 

pelletization process. The goal is to find a binder that will demonstrate the same physical 

properties as bentonite without the addition of acidic components.  This endeavor is not a simple 

one considering how effective bentonite is as the conventional binder. Bentonite resources and 
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costs are also a driver for alternate binders.  Deposits in Wyoming where beds of volcanic ash 

reacted with water are the best-grade sodium bentonites in North America.  It costs about 

$0.025/lb ($0.055/kg) for production and while this cost is not expensive, high-grade sodium 

bentonites are in great demand [65].  Even if the cost and demand of bentonite were to lower, the 

addition of bentonite automatically means an addition of flux as well.  By decreasing the amount 

of bentonite, one is able to reduce flux amounts and associated costs.  Schmitt (2005) reported 

that a 1% reduction in silica can reduce energy and flux costs by $2.50 USD per ton hot metal 

[66, 40].   

The two main functions of binders in iron ore pellets are 1) to make the pellet plastic 

when wet and 2) to continue to hold the particles together when drying the pellet until fired.  The 

various types of binders studied can be classified as either clays and colloidal minerals, organic 

polymers and fibers, cements and cementitious materials, salts and precipitates, or inorganic 

polymers.   

 Other clay type minerals are investigated since their properties may be similar to those of 

bentonite.  A clay of interest is nontronite clay which has similar expanding capabilities to 

bentonite clays but contains less silica.  Tikhomirov et al. (1988), reported  good binding 

performance at low temperatures along with superior induration performance of fired pellets 

[65].  Mineral fines are also considered suitable binders for iron pellets due to their high surface 

area [65, 67]. It was determined that by decreasing the size of the fines to about 1 micron, the 

particles would be able to fit between larger grains and bind them together.  These fines would 

be used in addition to a less than typical amount of bentonite, improving its overall effectiveness.  

The fines used could also be of iron-bearing minerals, thus increasing the iron content of the 
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pellet while decreasing the amount of bentonite.  Other types of inorganic binders are known to 

increase the strength of the pellet but do contribute impurities [39].  

 While the binders researched above do have considerable advantages, the goal of a 

bentonite alternative is to eliminate the introduction of any silicate material into the pellet.  

Organic binders are continuously investigated for their polymeric and fibrous characteristics.  

Much experimentation has gone into manufacturing an organic binder and while they are 

effective, they are also highly expensive.  Manufactured organic binders of interest are present in 

Table 3.5 with a description of their effectiveness.  

 

Table 3.5. Summary review of organic and inorganic binders [65, 39]. 

Binder Type Name Chemical Composition/Components 

Inorganic Bentonite (Na,Ca)0.3(Al,Mg)2Si4O10(OH)2 • n(H2O) 
Sodium carbonate Na2CO3 
Calcium chloride CaCl2 

Calcium hydroxide Ca(OH)2 
Sodium silicate NaSiO3 

Calcium carbonate Ca(CO)3 

Organic CMC Carboxymethylcellulose 
Alcotac CMC-based polymer 
Peridur CMC-based polymer 

Corn starch (C6H10O5)n 
Funa Polymeric structure extracted from lignite 

Wheat flour (C6H10O5)n 
Sodium lignosulfonate C20H24Na2O10S2 

Molasses C6H12NNaO3S (general formula) 

 

In the United States, three organic binders have been used to make saleable pellets: 

sodium carboxymethyl cellulose (CMC), modified corn-starch, and synthetic acrylamide-sodium 

acrylate copolymers [40].  

While naturally occurring organic binders, such as, gums, tars and bitumens were also 

looked into, it is organic waste products that are of higher interest.  These binders are considered 



 44 

low-cost because they are a necessary by-product of a main process.  These organic wastes 

include food and dairy waste, municipal sewage sludge and papermill sludges.  Many of these 

types of wastes are unpleasant to work with due to their rapid decomposition.  However, this 

may be remedied by the addition of biocide or drying the material.  These types of organic waste 

binders are worth investigation because there is a producer willing to dispose of them by either 

paying the pelletization consumer or shipping the waste at low cost.  

3.2.2 Additives for Iron Ore Pellets 

 In both the BF and DRI processes, additives are added in some form to the feed material.  

Typical fluxing agents, e.g., limestone, magnesite or dolomite, can be added as lumps 2.5 – 7.5 

cm in size, or can be added to the iron-bearing agglomerates that are then charged to the BF as 

fluxed pellets or sinter [68].  

 These additives are used to satisfy the requirements of either the BF slag chemical composition 

or the DRI product.  The use of fluxing agents in BF are crucial to the operation of the BF.  

Pellets are known to have acidic content from the type of binder used or the raw iron ore 

materials.   

Oxides that accept oxygen and form complexes in melts, e.g., SiO2, Al2O3, are considered 

acidic oxides, while oxides that donate oxygen to break down anion complexes, e.g., CaO, MgO, 

FeO and MnO, are basic oxides [69].  The ratio of the sum of the concentration of basic oxides to 

those of acidic oxides is the definition of basicity (B) and it is often represented by equation 

3.15.   

$	(&'()*)+,) = 	 (.'/) + (12/)(3)/() + (45(/#)
 (3.15) 
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In ironmaking, the basicity of the BF slag is important to the entire operational process.  This is 

due to the influence basicity has on BF slag viscosity; the higher the basicity ratio, the lower the 

viscosity, as shown in Figure 3.16.  As can be seen in Figure 3.16, the viscosity decreases with 

increases in lime in a CaO-SiO2-Al2O3 melt. 

 

 

 

 

 

Figure 3.16. Iso-viscosity coefficients (isokoms) in Poise of calium-alumina-silica melts at 
1500°C [69]. 
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Figure 3.17. Relationship of viscosity and basicity of slags [69]. 

 

The iso-viscosity lines of silica and alumina are about parallel to the lines of lime content 

meaning that the increases in weight percentage of silica or alumina are directly proportional to 

increases in viscosity.  However, the addition of fluxing additives must still be balanced with the 

BF slag having a minimum amount of silica present for desulfurization, as this is another 

important function of the BF slag.  The BF slag is usually a CaO-SiO2-Al2O3 system, usually 

with the following chemical composition, 32 to 42% silica, 7 to 16% alumina, 32 to 45% lime, 

and 5 to 15% magnesia if the addition of MgO is used as a fluxing additive [68].  The ternary 

phase diagram for the CaO-SiO2-Al2O3 system is presented in Figure 3.18.  
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Figure 3.18. Lime-alumina-silica system phase diagram [69]. 

 

Iron oxide is not included in this phase diagram as part of the slag system because iron 

oxide is reduced as it travels down the furnace.  A basic slag, where the basicity is higher than 

one, is required in BF operations to control sulfur and silicon while recovering manganese, so the 

composition is important.  Figure 3.17 shows iso-basicity ratio lines around 1.0 – 1.5 as typical 

for basic blast furnace slag and 0.8 – 1.0 for acidic slags.  Other literature report blast furnace 

slags as having basicity as low as 0.9 and as high as 1.4 to achieve a fluid slag with adequate 
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sulfur removal capacity [68]. Regarding feed material, flux pellets and fluxed sinter have 

basicities between 0.7 and 1.7, and 1.7 and 4.0, respectively.  

3.3 The Influence of Titanium on Direct Reduced Iron and Blast Furnace Iron Operations 

The effects of common impurities found in iron-bearing materials, binders and fluxing 

agents have been studied as to their overall effect on blast furnace operations and its iron, as well 

as direct reduced iron.  Titanium dioxide is one such impurity studied for its influence.  In many 

cases, titania is present as ilmenite, an iron-titanium oxide ore known for its use in the production 

of titanium dioxide as a pigment.  Rarely is titania found in iron and steel-making processes in its 

rutile form.  This study focuses on automotive paint sludge containing about 50 wt.% of rutile 

titania, as a binder for iron ore pellets.  An analysis on the effect of titania in the iron-bearing 

material is essential for the legitimacy of its use in both iron and steel-making processes.  

 The effect on the blast furnace slag basicity is one such concern.  Titanium dioxide is an 

amphoteric oxide, possessing both acidic and basic properties.  Studies on blast furnace slags 

have shown the addition of titanium dioxide increases the slag’s acidity and thus, its viscosity.  

The issue of increased acidity may be remedied with the addition of more basic oxides, such as 

MgO or CaO.  

 Another important concern is the effect titania has on reducibility of the burden. 

Paananen and Kinnunen (2009) studied the effect of adding titania to sinter and pellets showing 

that increased TiO2 content in agglomerates had an overall negative effect on their reduction 

degradation via reduction degradation index (RDI) and low-temperature reduction-disintegration 

tests.  However, it is also shown that in titania containing briquettes, the titania had an 

accelerative effect on the reduction of hematite to magnetite, with the final degree of reduction 

being close to 100% for those briquettes containing 2 and 5% titania [70].  Additionally, Budzik 
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(2007) found there to be no deterioration of sinter quality when a sinter containing 0.46 – 0.51% 

TiO2 and 0.056 – 0.060% vanadium was charged to the blast furnace.  This sinter was 

investigated due to the amount of magnetite-titanium ore deposits in the Polish region of 

Suwalki.  Their silicon content ranged from 2.0 – 3.2% resulting in a slag basicity of 1.1 to 1.2.  

This yielded 38.27% titanium in the pig iron and 58.75% of titanium reported to the slag [71, 

72].  

 Titania-containing feed material also poses a question to the wearability of the hearth 

refractory regarding its formation of titanium nitrides, carbides and carbo-nitrides.  Their 

solubilities in iron are low with 0.3% for carbides and 0.2% for carbo-nitrides and high melting 

points at 3150°C and 2950°C, respectively [69].  Since titania is not an uncommon impurity in 

the blast furnace, its impact on blast furnace refractory as also been studied.  Additions of 

titanium oxides, both as ilmenite and rutile, have been considered as alternatives to crucible 

protection due to the precipitation of titanium carbide (TiC) or complex titanium carbo-nitrides 

(TiCxNy) since the 1950s; however, they have not been implemented with the feed material until 

the turn of the 21st century [73, 74].  Mochon et al. (2012), advised a discontinuous charge of 20 

– 30 kilograms of TiO2 per ton of pig iron and at least 0.10% titanium in the pig iron.  

3.4 Physical Methods for Iron Ore Pellet Quality 

  

Since the use of iron ore pellets have become routine, so have the quality testing methods for 

acceptance of suitable pellets.  Ores originate from various locations and different companies 

may be using a variety of types of binders and additives.  Because of this, various quality 

measurements have become standardized for quality control of iron ore pellets.  The physical 

methods include [39]: 
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• Drop number/Impact: The purpose of this test is to estimate how well the pellet can 

withstand being dropped during handling.  This is done by dropping the pellet 

(green/dry/fired) from a specific height onto a steel plate until fracture, counting the 

number of times it survived before fracture. Typical values are 4 – 7 for green pellets and 

more than 8 times for fired pellets.  There is no standardized version of this method. 

• Compressive strength: This tests the ability of the pellets to handle a compressive load 

without fracture.  It is done by applying a compressive load to the pellet at a constant rate 

until the pellet fractures.  Dry and indurated pellets are usually tested.  Acceptable 

fracture loads are 250 – 300 kg/pellet for indurated pellets.  The standardized method is 

ISO 4700.    

• Bulk density: This determines the bulk density of iron ores, indicating how much weight 

of a material may be packed per unit area.  This test is done on fired pellets and 

acceptable values are between 2000 and 2500 kg/m3.  The standardized method is ISO 

3852.  

• Apparent density: This estimates the apparent density and water adsorption of the DRI by 

immersion in water, giving porosity of the pellets.  This is important for the reducibility 

of the pellets.  The acceptable values are 3000 – 5000 kg/m3.  The standardized method is 

ISO 15986.  

• Cluster index: This method tests for the tendency of the indurated pellets to form clusters 

during the reduction in the shaft furnace.  A cluster index greater than 20 is preferred.  

The standardized method is ISO 11256.  
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• Tumble index: This tests the friability of the fired pellets which is important during 

transportation and handling.  Acceptable values are 93 – 96%, +6.3 mm.  The 

standardized method is ISO 3271. 

• Abrasion index: Similar to the tumble index, this method estimates the likelihood of the 

fired pellets to generate fines during handling.  Fine generation in the blast furnace can 

cause issues with gas permeability through the furnace, leading to operational issues.  An 

abrasion index less than 5%, -0.5 mm is preferred.  The standardized method is ISO 

3271.  

• Reducibility:  Indurated pellets are tested to determine the extent of metallization under 

reducing conditions.  Acceptable values are between 1.2 and 1.3.  The standardized 

method is ISO 11257.  

• Reduction-disintegration index:  Indurated pellets are tested for an estimate of fines 

generated during reduction.  Typical values are 1.5 – 2.0%, -3.15 mm.  The standardized 

method is ISO 11257. 

• Swelling index:  Indurated pellets are tested for the percent in volume increase at 

different temperature.  This method is mainly used for blast furnace pellets.  The typical 

value is 20%.  The standardized method is ISO 4698.   

 

 

  

 

 



 52 

CHAPTER 4 

KINETIC MODELS FOR SOLID-FLUID REACTIONS 
 

 This chapter introduces generalized kinetic models for the solid-fluid reactions typical of 

iron ore pellet reduction.  The types of models discussed include the unreacted shrinking core 

model, the progressive – conversion model and the grain model.   

4.1 Unreacted Shrinking Core Model   

 

Based on the model proposed by Levenspiel, kinetic equations of reduction in iron ore 

pellets are derived based on shrinking core model for spherical particles.  A schematic 

representation of the shrinking core model is shown in Figure 4.1.  

 

 

Figure 4.1. Shrinking core model representation [75]. 

 

In his chapter on Fluid-Particle Reactions, Levenspiel discusses heterogeneous reactions 

where a fluid (either a gas or a liquid) come into contact with a solid, react with the solid and 

transform the solid into product.   
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4	(657)8) + &$	((95)8) → 657)8	;<987*+( 

							4	(657)8) + &$	((95)8) → 		(95)8	;<987*+( 

		4	(657)8) + &$	((95)8) → 		657)8	'=8	(95)8	;<987*+( 

According to Levenspiel, a particle can either remain unchanged in size or the particle shrinks 

with time, as shown in Figure 4.2.  Two simple idealized models are proposed to describe the 

behavior of a particle reaction with surrounding fluid: progressive-conversion model (PCM) or 

shrinking-core model (SCM).   

 

 

 

 

Figure 4.2. Behavior of reacting solid particles [76]. 
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The SCM describes a reaction that occurs first at the outer surface of the particle, with the 

reaction zone moving into the solid and leaving behind completely converted material and inert 

solid.  This completely converted material is called ash.  Throughout the reaction, there exists an 

unreacted core of material that shrinks in size.  Figure 4.3 and Figure 4.4 show the progression 

conversion of shrinking-core model and how the reactants form the product during a point of 

time during the reaction.  

 Based on the information from Levenspiel and other literature, the shrinking-core model 

for unchanging particle size is used to describe the reduction reactions in this investigation.  The 

SCM was first developed by Yagi and Kunii and described the following steps occurring during 

the reaction:  

1) diffusion of gaseous reactant, either CO and/or H2 gases, through the film surrounding 

the particle to the surface of the solid, 

2) penetration and diffusion of reactant CO and/or H2 through the blanket of ash to the 

surface of the unreacted core, 

3) reaction of gaseous CO and/or H2 with solid at this reaction surface, 

4) diffusion of gaseous products (CO2 and/or H2O) through the ash back to the exterior 

surface of the solid, and 

5) diffusion of gaseous products (CO2 and/or H2O) through the gas film back into the 

main body of fluid [77]. 
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Figure 4.3. Shrinking-core model conversion progression with respect to radial position [76]. 

 

 

Figure 4.4. Schematic representation of reactants and products for the reaction for a particle of 
unchanging size [76]. 
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4.1.1 Mathematical Representation of the Unreacted Shrinking Core Model 

As the reduction reaction proceeds, there are resistances during each of the stages, so the 

time duration of each stage is different.  The stage with the highest resistance is considered to be 

the rate-controlling step.  There are three different types of resistance reactions that can be the 

rate-controlling step: diffusion through gas film, diffusion through ash layer, and chemical 

reaction.  For a solid spherical particle, where the reaction extent (E) can be described by 

equation 3, there are conversion-time expressions for film diffusion controls (equations 4.2 and 

4.3), ash diffusion controls (equations 6 and 7), and chemical reaction controls (equations 8 and 

9).  

> = 1 − A</BC
#

 
(4.1) 

 

 

+
D = > 

(4.2) 

D = E0B
3&G1.21

 
(4.3) 

 

Equations 4.2 and 4.3 are the time-conversion expressions for a reaction where diffusion through 

the gas film is rate-controlling.   

Where: 

t = time for complete conversion 

t = time 

rc = radius of unreacted core 

R = radius of the particle including the ash layer 

rB = molar density of B in the solid,  
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b = stoichiometric coefficient,  

kg = mass transfer coefficient between the fluid and particle, and  

CAg = concentration of A in the main body of gas.  

 

+
D = (1 − 3(1 − >)(/# + 2(1 − >) (4.4) 

D = E0B(
6&J4.21

 
(4.5) 

 

Equations 4.4 and 4.5 are the time-conversion expressions for a reaction where diffusion 

through ash layer is the rate-controlling step.  

Where: 

De = effective diffusion coefficient of gaseous reactant in the ash layer  

 

 

+
D = 1 − (1 − >)5/# 

(4.6) 

D = E0B
&G,.21

 
(4.7) 

 

Equations 4.6 and 4.7 show the conversion-time expressions for a reaction where the 

chemical reaction is rate-controlling. 

Where: 

 kn = first-order rate constant for the surface reaction  

4.1.2 Limitations of the Unreacted Shrinking Core Model 

 It has been concluded by Wen (1968) and Ishida et al. (1971) via numerous studied 

systems that the shrinking core model is the best simple representation for most all of solid-fluid 
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reacting systems.  However, the model includes some assumptions that do not match the reacting 

system to reality entirely.  One such assumption is that the reaction occurs along a sharp 

interface between the ash and fresh solid instead of describing it as a diffuse front.  If the 

interface is instead considered a diffuse interface, the resulting behavior is better described as an 

intermediate between the shrinking core and progressive–conversion models.  Also, structural 

parameters of the particle, such as the porosity, grain size, etc., are not explicitly defined and 

thus, do not contribute to the determination of the overall reaction rate. [78, 79, 80] 

4.2 Progressive–Conversion Model  

  

In the progressive – conversion model, the reactant gas enters and reacts throughout the 

particle continuously but at different rates and at different locations within the particle until 

complete conversion occurs.  The differences in rate and location are due to concentration and 

temperature gradients within the particle.  

 

Figure 4.5. Progressive-conversion model schematic [76]. 
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4.2.1 Limitation of the Progressive-Conversion Model 

 The progressive-conversion model assumes the solid particles are monodispersed and 

spherical, the first order chemical reaction rate is not dependent on the concentration of the solid 

reactant, the effective diffusion coefficients and coefficients of mass transfers do not change 

during the reaction, the thickness of the reactive zone is unchanging, and the distribution of the 

solid reactant in the particles is homogeneous.  

4.3 Grain Model 

 The grain model assumes that the solid conversion takes place at each grain within the 

particle, since it is made up of numerous grains. The grain model more accurately describes the 

reaction kinetics where the shrinking core and the progressive-conversion models lack due to 

assumptions.  The grain model can specify the reaction progression with the combination of 

chemical reaction kinetics, mass transport at the surface of the pellet, diffusion through the 

pellet, and diffusion through the product layer of the grain. [81]  Essentially, the reduction gas 

penetrates the pores of the solid and reduce the particle by reacting at the surface of each 

individual grain.  It is assumed that the individual grains are spherical, uniform and non-porous.  

This assumption allows the shrinking core model to then be applied to each grain [82]. 
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CHAPTER 5 

EXPERIMENTAL DESIGN 

 This chapter details the experimental design developed following a literature survey and 

characterization of the sample materials.  The experimental design developed via Stat-Ease is 

discussed and set-up for the experimental procedure.  The use of Abaqus/CAE is also described 

as it relates to finite elemental analysis of this study.   

5.1 Design of Experiments via Stat-Ease Software 

  

Design of experiments (DOE) is a statistical method for planning, executing, analyzing 

and understanding controlled tests to evaluate how varying factors influence the outcomes of the 

experiments.  A schematic of the methodology is shown in Figure 5.1. 

 

Figure 5.1. Process with factors and responses. 

  

Controllable factors are considered the variables in an experiment that can modified, 

while the uncontrollable factors are considered noise and cannot be modified.  Responses are the 

outputs from the process/experiments.  This project utilized the factorial experimental design to 

evaluate the effects and interactions of many factors which is more efficient than just testing one 

factor at a time.  Full-factorial and half-factorial experiments consist of two or more factors 

where the effect of the factor is analyzed on the response outputs.   

Process
Controllable 

Factors 
Responses

Uncontrollable 

Factors/Noise
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A 2n half-factorial design was chosen for this project due to insufficient raw materials for 

the experiments.  “n” is the number of controllable factors included in the experiment by the 

user.  The controllable factors included weight percent addition of paint sludge, weight percent 

addition of bentonite, weight percent addition of limestone, temperature of induration and time 

of induration.  The values of each factor were chosen based on current industry values, the 

literature review as well as the project’s experimental need.  Inputting the information into Stat-

Ease, the following DOE was produced shown in Table 5.1. 

 

Table 5.1. Design of experiments for iron ore pellets with paint sludge binder. 

Factor 1: 
Temperature 

(Celsius) 

Factor 2: Paint 
Sludge 
addition  
(wt. %) 

Factor 3: Bentonite 
addition  
(wt. %) 

Factor 4: 
Limestone 
addition  
(wt. %) 

Factor 5: 
Induration 

Time 
(minutes) 

High  1150 1.0 1.0 3.0 90 
Mid 1010 0.5 0.5 1.5 60 
Low 870 0.0 0.0 0.0 30 

 

The DOE was also set-up to include midpoints between the high and low ranges of each 

factor.  In Stat-Ease, a factorial design evaluates the impact of the factors and interactions.  Five 

key factors were chosen to characterize this study on the use of paint sludge as an iron ore pellet 

binder.  Stat-Ease provides you the opportunity to utilize full factorial or half factorial designs, 

where the full factorial of 25 (for the five factors) yields 32 total runs, testing every low and high 

level in combination with the others.  Half-factorials may be used, such as in this case for a 

reason where the full number of runs may not be permitted.  Half-factorials characterize the 

system, evaluating the main effects and interactions.  A half-factorial for 25 yielded 19 runs in 

total.   
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Table 5.2. Half- Factorial Design Order for Batch 1 of Paint Sludge. 

Run 

Factor 1: 
Temperature 

(Celsius) 

Factor 2: 
Paint Sludge 

addition  
(wt. %) 

Factor 3: 
Bentonite 
addition  
(wt. %) 

Factor 4: 
Limestone 
addition 
 (wt. %) 

Factor 5: 
Induration 

Time 
(minutes) 

1 1150 1 0 0 90 
2 1010 0.5 0.5 1.5 60 
3 870 0 1 3 90 
4 1150 0 0 3 90 
5 870 1 1 3 30 
6 1150 0 1 3 30 
7 870 0 0 3 30 
8 870 1 0 3 90 
9 1150 0 1 0 90 
10 870 0 1 0 30 
11 870 1 1 0 90 
12 1150 1 1 3 90 
13 1010 0.5 0.5 1.5 60 
14 1010 0.5 0.5 1.5 60 
15 1150 0 0 0 30 
16 1150 1 1 0 30 
17 870 0 0 0 90 
18 1150 1 0 3 30 
19 870 1 0 0 30 

 

As seen in Table 5.2, a total of 19 runs were done for the first batch of paint sludge.  This 

paint sludge material was sent from a GM automotive paint shop plant in Flint, Michigan.  

Another sample of automotive paint sludge was received from a GM paint shop in Lansing, 

Michigan.  This second sample was labeled as batch 2 of paint sludge and the half-factorial 

design is presented in Table 5.3.  This presented with another set of 19 runs, totaling 38 between 

both samples of paint sludge.  Runs 1 – 19 represent batch 1, while runs 20 – 38 represent batch 

2.  
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Table 5.3. Half-Factorial Design Order for Batch 2 of Paint Sludge. 

Run 

Factor 1: 
Temperature 

(Celsius) 

Factor 2: 
Paint Sludge 

addition  
(wt. %) 

Factor 3: 
Bentonite 
addition  
(wt. %) 

Factor 4: 
Limestone 
addition 
 (wt. %) 

Factor 5: 
Induration 

Time 
(minutes) 

20 1150 1 0 0 90 
21 1010 0.5 0.5 1.5 60 
22 870 0 1 3 90 
23 1150 0 0 3 90 
24 870 1 1 3 30 
25 1150 0 1 3 30 
26 870 0 0 3 30 
27 870 1 0 3 90 
28 1150 0 1 0 90 
29 870 0 1 0 30 
30 870 1 1 0 90 
31 1150 1 1 3 90 
32 1010 0.5 0.5 1.5 60 
33 1010 0.5 0.5 1.5 60 
34 1150 0 0 0 30 
35 1150 1 1 0 30 
36 870 0 0 0 90 
37 1150 1 0 3 30 
38 870 1 0 0 30 

 

All other factors between the runs were kept the same except for the type of paint sludge 

material used.  Stat-Ease design table allows you to add as many responses or outputs as needed.  

The responses for this study are shown in Table 5.4 for all the runs done.  

 

Table 5.4. Responses for half-factorial design order. 

Runs 
1 – 38 

Response 1: 
Green Crushing 

Strength 
(Newtons) 

Response 2: 
Cold Crushing 
Strength (CCS) 

(Newtons) 

Response 3: 
Drop Test 

(Number of 
drops until 
fracture) 

Response 4: 
Apparent 
Porosity 

(%) 

Response 6: 
Percent 

Reduction 
(%) 

 



 64 

The pellets produced from each run were evaluated for each response.  Green crushing 

strength tests were conducted on green pellets, while cold crushing strength tests were conducted 

on indurated pellets.  Drop tests were also done on green and indurated pellets.  Apparent and 

optical porosity tests were conducted after the induration and after the reduction of the same 

pellet.  Finally, percent reduction and apparent porosity were analyzed for pellets after they were 

reduced.   

5.2 Finite Element Analysis via Abaqus/CAE 

  

In this section an introduction of how finite element analysis (FEA) is used in 

Abaqus/CAE is provided.  Abaqus/CAE is a tool of computer-aided engineering (CAE) to 

simulate, validate and optimize different engineering problems.  Research projects require 

experimentation either on the physical or theoretical level, or both.  However, physical 

experimentation is not always possible due to a number of reasons, so it may be easier to look at 

the problem as a computational problem and try to solve it in those terms.   

FEA is one of many types of numerical computation to approximate the solution to a 

mathematic model [83].  A piecewise approximation of the problem is developed by dividing it 

into discrete subjections called finite elements.  Each of these finite elements are joined together 

by shared nodes, to make the desired geometry and the collection of the nodes and finite 

elements is called a mesh.  It is the displacement, generated from a load, of these nodes in the 

mesh that is analyzed to then determine the stresses and strains on the geometry.  The nodes are a 

representation of partial differential equations and by applying boundary conditions and either 

loads/stresses, the model will converge to a numerical solution.  Figure  shows a schematic 

diagram of a linear mesh of nodes connected by finite elements.  This figure is a simplistic 

representation of a mesh to provide a basic understanding of FEA in Abaqus.  
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Figure 5.2. Schematic representation of linear mesh. 

 

 

Figure 5.3. Rectangular geometry with open mesh. 

 

 

Figure 5.4. Rectangular geometry with dense mesh. 

 

 Figure 5.3 and Figure 5.4 show examples of two different types of mesh for a rectangular 

geometry.  Figure 5.4 shows a denser, more defined mesh than the mesh shown in Figure 5.3.  A 

larger mesh density provides a more accurate representation of how the structure’s stresses and 

strains will be impacted by a mechanical load.  Although a high mesh density is preferred, this 
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will increase computational time until model convergence, so there needs to be a balance 

between the two.   

In this investigation, the Abaqus/CAE software was utilized to create a compressive 

strength test on a pellet.  These results were then compared to those tests done in the laboratory.  

In a compressive strength analysis, the pellet is compressed between two plates, where one is 

pinned and the other displaces downward.  The analysis provides a stress contour map which can 

show where a fracture may occur in the pellet during the compressive tests.  
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CHAPTER 6 

EXPERIMENTAL PROCEDURE 

  

This chapter details the experimental procedure to produce the iron ore pellets made with 

the paint sludge binder.  The production includes the construction of the green pellets and the 

induration of the dried pellets.  The procedures for the quality tests performed are also described.  

6.1 Assembly Procedure for Green Pellets and Green Pellet Induration 

 
 The typical procedure for making green pellets is done with the use of a drum pelletizer 

where the iron-bearing material, the binder and other additives are added to the drum.  As 

mentioned in chapter 2, many drum pelletizers include water sprays used to combine the 

materials as the drum is rotating, creating the green pellets via agglomeration.  Due to the limited 

amount of magnetite ore and bentonite materials, a drum pelletizer was not used.  Drum 

pelletizers require materials on the scale of kilograms for efficient agglomeration, however, 

pellets made for this study were produced by hand and using a total of 100 grams of material. 

 Based on the information from the design of experiments, a variety of magnetite, paint 

sludge, bentonite and limestone combinations were given.  The combinations include: 

• 0 wt.% paint sludge, 0 wt.% bentonite, 0 wt.% limestone, and 100 wt.% magnetite ore. 

• 0 wt.% paint sludge, 1 wt.% bentonite, 0 wt.% limestone, and 99 wt.% magnetite ore. 

• 0 wt.% paint sludge, 0 wt.% bentonite, 3 wt.% limestone, and 97 wt.% magnetite ore.  

• 0 wt.% paint sludge, 1 wt.% bentonite, 3 wt.% limestone, and 96 wt.% magnetite ore.  

• 0.5 wt.% paint sludge, 0.5 wt.% bentonite, 1.5 wt.% limestone, and 97.5 wt.% magnetite 

ore. 

• 1 wt.% paint sludge, 0 wt.% bentonite, 0 wt.% limestone, and 99 wt.% magnetite ore. 

• 1 wt.% paint sludge, 1 wt.% bentonite, 0 wt.% limestone, and 98 wt.% magnetite ore. 
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• 1 wt.% paint sludge, 0 wt.% bentonite, 3 wt.% limestone, and 96 wt.% magnetite ore.  

• 1 wt.% paint sludge, 1 wt.% bentonite, 3 wt.% limestone, and 95 wt.% magnetite ore.  

 
Figure 6.1. Combination of materials: paint sludge (gray), magnetite ore (black) and limestone 

(white).  

  

First, the materials were combined and mixed in a Tupperwareä container.  A spray 

bottle is also used to moisten the materials.  About 15 – 25 sprays per 100 grams of total 

material, which equals to about 1 – 1.5 mL of water for the specific spray bottle used in this 

project.  This provided just enough water to wet the material but not enough to overly saturate it.  

A small amount of material was then taken and rolled into a sphere between the palms of the 

hand as shown in Figure .  As described in the literature review, pellets used in the DRI and blast 

furnace ironmaking processes are between 9 and 16 mm in diameter and the same diameter range 

was used in this project as well.  About 15 – 20 green pellets were made from 100 grams of 

material.  This procedure was repeated for all the combinations of paint sludge, bentonite, 
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limestone and magnetite ore provided above, as well as for the second batch of paint sludge from 

Lansing, Michigan.  

 
Figure 6.2. Rolled pellets, ranging from 9-16 mm in diameter. 

 

After the green pellets were made, they were dried in a furnace for 12 hours at 100°C.  

After drying, the pellets are considered dry pellets and placed in a furnace for induration.  Based 

on the design of experiments, specific combinations were fired at different temperatures and 

times.  

 As described in the literature review, pellets are usually fired above 1000°C.  However, 

the purpose of this study is to decide if automotive paint sludge can be used as a binder for iron 

ore pellets, so three different firing temperatures (870°C, 1010°C and 1150°C) and time intervals 

(30, 60 and 90 minutes) were chosen.  The amount of bentonite and limestone added was kept 

similar to industry standards as reported in literature.  Bentonite and limestone additions range 

from 0 – 1 weight percent and 0 – 3 weight percent, respectively.  The range of 0 – 1 weight 

percent of paint sludge addition was made based on the amount of bentonite that is typically 

added in industry. Bentonite is known for containing high amounts of silica and alumina, while 
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the paint sludge material contains substantially less, as is shown in XRF analysis of the paint 

sludge materials in Table 6.1.  However, paint sludge does not have the same clay properties as 

bentonite, where it can hold up to eight times its volume, so it seemed appropriate to incorporate 

more paint sludge material as the binder.  Pellets with the following combinations of materials 

were fired at 870°C for 30 minutes:  

• 0 wt.% paint sludge, 0 wt.% bentonite, 3 wt.% limestone, and 97 wt.% magnetite ore.  

• 0 wt.% paint sludge, 1 wt.% bentonite, 0 wt.% limestone, and 99 wt.% magnetite ore. 

• 1 wt.% paint sludge, 1 wt.% bentonite, 3 wt.% limestone, and 95 wt.% magnetite ore.  

• 1 wt.% paint sludge, 0 wt.% bentonite, 0 wt.% limestone, and 99 wt.% magnetite ore. 

Pellets with the following combinations of materials were fired at 870°C for 90 minutes: 

• 0 wt.% paint sludge, 1 wt.% bentonite, 3 wt.% limestone, and 96 wt.% magnetite ore.  

• 0 wt.% paint sludge, 0 wt.% bentonite, 0 wt.% limestone, and 100 wt.% magnetite ore. 

• 1 wt.% paint sludge, 0 wt.% bentonite, 3 wt.% limestone, and 96 wt.% magnetite ore.  

• 1 wt.% paint sludge, 1 wt.% bentonite, 0 wt.% limestone, and 98 wt.% magnetite ore. 

The next set of pellets were fired at 1010°C for 60 minutes for the following combination of 

materials: 

• 0.5 wt.% paint sludge, 0.5 wt.% bentonite, 1.5 wt.% limestone, and 97.5 wt.% magnetite 

ore.  

Pellets with the following combination of materials were fired at 1150°C for 30 minutes:  

• 0 wt.% paint sludge, 1 wt.% bentonite, 3 wt.% limestone, and 96 wt.% magnetite ore.  

• 0 wt.% paint sludge, 0 wt.% bentonite, 0 wt.% limestone, and 100 wt.% magnetite ore. 

• 1 wt.% paint sludge, 1 wt.% bentonite, 0 wt.% limestone, and 98 wt.% magnetite ore. 

• 1 wt.% paint sludge, 0 wt.% bentonite, 3 wt.% limestone, and 96 wt.% magnetite ore.  
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Finally, pellets with the following combination of materials were fired at 1150°C for 90 minutes: 

• 1 wt.% paint sludge, 0 wt.% bentonite, 0 wt.% limestone, and 99 wt.% magnetite ore. 

• 0 wt.% paint sludge, 0 wt.% bentonite, 3 wt.% limestone, and 97 wt.% magnetite ore.  

• 0 wt.% paint sludge, 1 wt.% bentonite, 0 wt.% limestone, and 99 wt.% magnetite ore. 

• 1 wt.% paint sludge, 1 wt.% bentonite, 3 wt.% limestone, and 96 wt.% magnetite ore.  

6.2 Quality Test Methods  

 
This section describes the different pellet quality tests done on green, dried and fired 

pellets.  Those tests include drop tests, compressive strength, apparent porosity and percent of 

reduction.  

6.2.1 Drop Test Procedure for Dry and Fired Pellets 

When the green pellets were initially made, a drop test was conducted.  Drop tests reveal 

how well the dry and fired pellets will handle transportation during the industrial pelletization 

process.   

 

Figure 6.3. Schematic representation of drop test. 
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The pellets were dropped from one meter, measured using a meter stick, onto a steel plate 

until, counting the number of drops until they fracture.  Figure 6.3 shows a schematic diagram of 

the drop test setup.  From each combination set, 5 pellets were tested from batch 1 and batch 2 

resulting in a total of 90 dry pellets.  The average value of each set of 5 was recorded as the drop 

number for that specific material combination. 5 fired pellets from each of the material 

combinations for 870°C for 30 and 90 minutes, 1010°C for 60 minutes, and 1150°C for 30 and 

90 minutes, were tested and the average drop number was recorded.  This was done for batch 1 

and batch 2 pellets, resulting in a total of 170 fired pellets tested.  A summary of the number of 

pellets tested is below.  

6.2.2 Compressive Strength Test Procedure for Dry and Fired Pellets 

 The compressive strength tests were done in accordance with the ASTM E382-20 

Standard Test Method for Determination of Crushing Strength of Iron Ore Pellets and Direct-

Reduced Iron.  This standard test method is similar to the ISO 4700 standard for cold crushing of 

iron ore pellets.  The crushing strength of an iron ore pellet is determined by applying a load to a 

pellet at a specific speed until the pellet is fractured.  This standard was determined by taking 

into account the brittle natural of pellets, meaning their failure point is determined by fracture 

into two or more pieces.  This type of fracture is only present in brittle objects, such as in dry or 

fired pellets.  Green pellets, since they are moist, are considered ductile and will not be tested for 

crushing strength.  The crushing strength determined is used by the consumers as a quality 

indicator for the pellet’s performance in the blast furnace and gas-based direct reduction plants 

[84].  
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Figure 6.4. Mark-10 ESM1500/ESM750 – Motorized Tension/Compression Test Stands. 

  

For compressive strength test conducted in this study, a Mark-10 motorized 

tension/compression test stand was used with adjustable compression plates shown in Figure 6.4. 

The loading cell capacity was 750 daN and the compression plate loading speed was adjusted to 

0.20 mm/s.  The top compression plate was brought close to the pellet on the lower plate as seen 

in Figure 6.5.  Upon contact with the pellet, a load was applied until the pellet fractured and the 

maximum load at fracture was recorded. 

 

Figure 6.5. Schematic diagram of compressive plates and pellet. 
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This compression test was done for all the dry pellets made from each of the 9 material 

combinations described in 5.1.  From each combination set, 5 pellets were tested from each 

resulting in a total of 90 dry pellets.  The average value of each set of 5 was recorded as the 

crushing strength for that specific material combination.  Since the fired pellets were indurated at 

different temperatures and times, 5 fired pellets from each of the material combinations for 

870°C for 30 and 90 minutes, 1010°C for 60 minutes, and 1150°C for 30 and 90 minutes, were 

tested and the average was recorded.  This was done for batch 1 and batch 2 pellets, resulting in a 

total of 170 fired pellets tested.  A summary of the number of pellets is shown below in Table 6.1 

and Table 6.2. 

 

Table 6.1. Number of dry pellets per type of material combination for drop testing and 
compression strength testing. PS stands for paint sludge, B for bentonite and LS for limestone. 

Pellet Type Combination Drop Test/Compression 
Strength-Batch 1 Pellets 

Drop Test/Compression 
Strength-Batch 2 Pellets 

Dry 

0PS-0B-0LS  5/5 5/5 
0PS-1B-0LS 5/5 5/5 
0PS-0B-3LS 5/5 5/5 
0PS-1B-3LS 5/5 5/5 

0.5PS-0.5B-1.5LS 5/5 5/5 
1PS-0B-0LS 5/5 5/5 
1PS-1B-0LS 5/5 5/5 
1PS-0B-3LS 5/5 5/5 
1PS-1B-3LS 5/5 5/5 

Total 180 pellets 
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Table 6.2. Number of fired pellets per type of material combination for drop testing and 
compression strength testing. PS stands for paint sludge, B for bentonite and LS for limestone. 

Pellet Type Combination Drop Test/Compression 
Strength-Batch 1 Pellets 

Drop Test/Compression 
Strength-Batch 2 Pellets 

Fired at 870°C 
for 30 minutes 

0PS-0B-3LS  5/5 5/5 
0PS-1B-0LS 5/5 5/5 
1PS-1B-3LS 5/5 5/5 
1PS-0B-0LS 5/5 5/5 

 

Fired at 870°C 
for 90 minutes 

0PS-1B-3LS 5/5 5/5 
0PS-0B-0LS 5/5 5/5 
1PS-0B-3LS 5/5 5/5 
1PS-1B-0LS 5/5 5/5 

 

Fired at 1010°C 
for 60 minutes 

0.5PS-0.5B-1.5LS 5/5 5/5 

    

Fired at 1150°C 
for 30 minutes 

0PS-1B-3LS 5/5 5/5 
0PS-0B-0LS 5/5 5/5 
1PS-1B-0LS 5/5 5/5 
1PS-0B-3LS 5/5 5/5 

 

Fired at 1150°C 
for 90 minutes 

0PS-0B-3LS 5/5 5/5 
0PS-1B-0LS 5/5 5/5 
1PS-0B-0LS 5/5 5/5 
1PS-1B-3LS 5/5 5/5 

Total 340 pellets 

 

6.2.3 Procedure for Calculating the Apparent Porosity of Fired Pellets 

 The procedure used to calculate the apparent porosity of fired pellets is the ASTM C20-

00(2015) Standard Test Methods for Apparent Porosity, Water Absorption, Apparent Specific 

Gravity, and Bulk Density of Burned Refractory Brick and Shapes by Boiling Water [85].  

Apparent porosity is the percentage ratio of the void space in a sample to the total bulk volume 

of the sample.  Equation 3 describes the calculation of apparent porosity, Wsat is the weight of 

saturated sample, Wdry is the weight of the sample in air, and Wsus is the weight of sample 

suspended in water.  
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(6.1) 

 

 

Determination of the dry weight is done by weighing the pellets with a scale in air, however, the 

pellets must have been dried in a furnace above 105°C.  Since these pellets were fired, they were 

just weighed after induration.  Four pellets were placed in the metal cage at a time.  The metal 

cage was suspended from a watch glass.  The cage was dropped into a beaker of boiling water 

and kept there for two hours.  The pellets did not touch the bottom of the beaker and the watch 

glass did not allow for a lot of evaporation, so the metal cage was suspended in water for the 

duration of the two hours.  A representation of the setup is shown in Figure 6.6. 

 

Figure 6.6. Schematic diagram on saturation process. 

 

While the pellets are boiling, the air in the pores expand and are partially substituted by 

water. While the water and pellets are cooling, some of that water may stay within the pores, but 

the air that remained in the pores contracts, causing a negative pressure or vacuum.  This vacuum 

is the driving force for the fluid to enter the pores. After the pellets were boiled, they were 

brought to room temperature while still suspended in the beaker, completely covered in water for 



 77 

about twelve hours.  After twelve hours, they were weighed and recorded as the suspended 

weight.  The saturation weight is determined after the suspended weight by blotting the pellets to 

remove any excess water on the surface of the pellets.   

6.2.4 Procedure for Determining the Reduction Percentage  

 Two different types of reduction testing were conducted on the pellets.  The first was a 

kinetic study on four pellets with specific material combinations at three different temperatures 

(850°C, 900°C, and 950°C) and four-time intervals (30, 60, 90, and 120 minutes).  The pellet 

combinations were 0.5PS-0.5B-1.5LS, 1PS-1B-3LS, 0PS-1B-0LS, and 1PS-0B-3LS.  A tube 

furnace was used to heat up the pellets to each temperature.  The pellets were placed on a metal 

mesh atop a crucible for maximum exposure to the flow of gas.  Figure 6.7 shows a 

representation of the tube furnace and sample setup.  

 

Figure 6.7. Tube furnace and sample setup for reduction tests. 
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Once the pellets were place inside the tube furnace, the furnace was set to heat up to 

850°C for 6 – 7 hours while flowing nitrogen gas at 50 mL/min.  At 850°C, the carbon monoxide 

gas valve was opened, and the flow rate was adjusted slowly to 150 mL/min, while the nitrogen 

gas was increased to 100 mL/min.  The ratio of carbon monoxide to nitrogen gas was 60 to 40.  

At the desired flow rates, the carbon monoxide gas was kept flowing for 30 minutes and then 

shut closed.  The furnace was allowed to cool before the pellets were removed.  The pellets were 

weighed, and their diameters measured using a caliper.  Since the pellets are not perfectly 

spherical, two separate diameters were measured.  The pellets were then placed back into the 

tube furnace and the process was repeated until a weight and diameter measurement was taken 

after 120 minutes.  The same procedure was completed at 900°C and 950°C for each of the four-

time intervals.  

The second procedure involved reducing the pellets determined by the factorial design for 

batch 1 and batch 2 pellets.  Four to five pellets at a time were placed on the metal mesh and then 

into the tube furnace.  The furnace was heated to 950°C with 50 – 60 mL/min of nitrogen gas 

flowing.  Once the furnace reached the desired temperature, the carbon monoxide gas was 

opened and increased to a flow rate of 150 mL/min.  The nitrogen gas was also increased to 100 

mL/min.  Both gases were kept at this rate for one hour.  The carbon monoxide was slowly shut 

off and the nitrogen gas flow was decreased to 50 mL/min while the furnace was cooled down.  

After the furnace was cooled, the pellets were taken out, weighed and their diameter’s measured 

and recorded.  A total of 38 pellets were reduced by this procedure.   
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CHAPTER 7 

TECHNIQUES USED FOR ANALYSIS 

 This chapter details the analytical techniques employed for the evaluation of the materials 

used in this investigation.  X-ray fluorescence (XRF), Fourier-transform infrared spectroscopy 

(FTIR), 13-C solid state nuclear magnetic resonance (NMR), thermogravimetric analysis (TGA), 

mineral liberation analysis (MLA), advanced mineral identification and characterization system 

(AMICS), and the bomb calorimeter were all used to study the paint sludge material initially.  

AMICS was also used for evaluating the phases in the magnetite ore, fired, and reduced pellets.   

7.1 X-ray fluorescence (XRF) 

 

XRF is a non-destructive analytical method for determining the elemental composition of 

materials through fluorescent X-ray measurement.  Fluorescent or secondary X-rays are emitted 

from a sample when it is excited by a primary X-ray source.  Each element has a characteristic 

fluorescent X-ray “fingerprint” that can be associated with; the energy of the electron depends on 

the shell it occupies and the element it belongs to. [86]  When an atom in the sample is hit with 

an X-ray of energy greater than the atom’s K or L shell binding energy, an electron from one of 

the shells is displaced.  To regain stability, an electron from one of the higher energy shells fills 

the vacancy.  When this electron drops to a lower energy state, a fluorescent X-ray is emitted 

whose energy is equal to the difference in energy between the two quantum states. [87] 

A borate fusion was done to solubilize the paint sludge samples for the XRF.  The 

oxidized sample was dissolved in the molten flux at temperatures between 1020 – 1050°C with a 

2:1 ratio of lithium metaborate to lithium tetraborate due to the acidic nature of the mineral.  The 

fusion was conducted in a Katanax K1 Prime fluxer that produced a glass disk for XRF analysis.  

The glass disks are homogenized to reduced particle size, mineralogy and matrix effects. [88] 
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7.2 Fourier-transform infrared spectroscopy (FTIR) 

 

 FTIR is a technique used to acquire an infrared spectrum of absorption or emission of a 

solid, liquid or gas.  This can be used to identify organic, polymeric and sometimes, inorganic 

samples.  This technique was used to analyze the organic material present in the paint sludge 

samples.  FTIR identifies chemical bonds in the molecules present by producing an infrared 

absorption spectrum [89].  A schematic representation of the technique is shown below.  

 

Figure 7.1. FTIR analysis schematic [90]. 

  

The samples are irradiated with infrared radiation, on the wavelength of 10,000 to 100 

cm-1.  Some radiation is absorbed by the sample while other radiation passes through the sample.  

The absorbed radiation is converted into rotational and/or vibrational energy by the molecules 

within the sample.  These rotational and/or vibrational energies are detected and presented as a 

spectrum that ranges from 4000 to 400 cm-1.  There are four major sampling techniques 

employed in FTIR: transmission, attenuated total reflection (ATR), specular reflection, and 

diffuse reflectance.  Each of these sampling techniques have strengths and weaknesses and their 

use is dependent on the type of sample used as well as what the user is more interested in looking 

for amongst the sample.  The energies dissipated by molecules are unique and are considered a 
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sort of fingerprint that can be used for identification.  FTIR can be used to identify and 

characterize unknown materials or contamination within a material.  It can also identify 

oxidation, decomposition or uncured monomers.  

 The fourier-transform term is used because it requires a Fourier transform mathematical 

process to convert the data into the spectral data.  The spectrum generated is a series function of 

absorbed energy response which is why the Fourier transform process is needed.  The intensity 

of the absorbance will correlate directly to the quantity of functionality present in the sample 

[91].   

7.3 13C Solid-State Nuclear Magnetic Resonance (NMR) 

 

 NMR allows for non-destructive analysis of molecular structure of a material by 

observing and measuring the interaction of the nuclear spins within the material when it is placed 

amongst a strong magnetic field.  The magnetic field induces a magnetic moment within the 

nucleus (either a hydrogen nucleus 1H or a carbon nucleus 13C) and it starts to spin on an axis or 

precess.  

 

Figure 7.2. Representation of principle NMR theory [92]. 
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NMR spectra provides information on the chemical shift, spin-spin coupling constant, 

relaxation time, and signal intensity.  Chemical shift data gives information about the 

composition of atomic groups with the molecule.  Spin-spin coupling constant gives information 

about adjacent atoms, while relaxation time provides molecular dynamics.  Signal intensity 

provides quantitative information, such as atomic ratios within the molecule.  This quantitative 

information is helpful in determining the molecular structure as well as the proportions of 

different compounds in a mixture.   

 NMR analysis is principally done on liquid solution samples, however, in some cases the 

sample may not be able to dissolve into solution.  This is where solid-state NMR becomes 

advantageous.  13C solid-state NMR allows for high-resolution conditions to analyze solid 

samples and its spectra is comparable to conventional solution-state NMR spectra.  In 

conventional NMR, 1H NMR detect proton nuclei to determine the types and number of 

hydrogen atoms present in a molecule.  In 13C solid-state NMR, carbon nuclei are detected to 

determine the type and number of carbon atoms present in a molecule are determined [93]. 

 13C solid-state NMR was used to analyze the paint sludge samples for their organic 

material.  The paint sludge samples were sent for solid-state NMR because there was difficulty in 

dissolving the sample due to its material complexity. 

7.4 Thermogravimetric analysis (TGA) 

 

 TGA is an analytical technique used to determine a sample’s thermal stability and its 

fraction of volatile components by monitoring the weight change while the sample is heated at a 

constant rate. [94]  An inert gas is also passed over the sample and the solid in the sample may 

undergo reactions that evolve gaseous byproducts.  In the TGA, the gaseous byproducts are 

removed and the changes in the remaining mass of the sample are recorded.   
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 There are three TGA measurement variations: dynamic, static and quasistatic TGA.  

Dynamic TGA includes increasing the temperature over time as the mass of the sample is 

recorded, allowing identification of how much gas is removed and at what temperature it occurs.   

 

Figure 7.3. Dynamic TGA with constant heating rate [95]. 

 

During static TGA, the temperature is held constant as the mass of the sample is 

measured over time.  Using static TGA, decomposition of a sample or a sample’s ability to 

withstand a certain temperature can be identified.   

 

Figure 7.4. Isothermal static TGA [95]. 

 

On the other hand, during quasistatic TGA, the sample is heated and kept at multiple 

temperature intervals until the material does not gain or lose any more mass [96].   
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Figure 7.5. Gradual isothermal quasistatic TGA [95]. 

 

Physical phenomena, such as gas adsorption, gas desorption, vaporization and 

sublimation cause changes in mass.  Chemical phenomena, such as decomposition, break down 

reactions, gas reactions and chemisorption also cause mass changes that can be identified by 

TGA.  Dynamic TGA was employed to analyze the paint sludge sample.  

7.5 Mineral Liberation Analyzer (MLA) with SEM/EDS 

 

One of the most widely used techniques for automated mineralogy in the mineral and 

metal industries, MLA is an automatic mineral analysis system that identifies minerals in 

polished sections.  MLA also quantifies many mineral characteristics, such as abundance, grain 

size and liberation.  This is done by combining an automated Scanning electron microscopy 

(SEM) and multiple EDS detectors [97, 98].  SEM with EDS provides quality high-resolution 

images of the particles within the sample as well as definitive elemental analysis.  This type of 

analysis is essential for better understanding the fundamentals of the materials of interest.  The 

paint sludge samples were sent to The Center for Advanced Mineral and Metallurgical 

Processing (CAMP) at Montana Tech of the University of Montana for MLA.   
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7.6 Advanced Mineral Identification and Characterization System (AMICS) 

 

AMICS is the latest type of software analysis for automated mineralogy.  Developments 

in AMICS, called fine segmentation method, allows the “user to adjust the level of segmentation 

to control the size of each segment and can be as small as the X-ray spacing step, or as large as 

the standard area analysis.” [99]  It allows for automated identification and quantification of 

minerals and phases.  AMICS analysis starts with a high-resolution BSE image, similar to the 

analysis using MLA.  After imaging, EDS spectra are acquired, and mineral identification can be 

performed.  AMICS also calculates locking, liberation and mineral associations.  

7.7 Calorimetry 

  

Bomb calorimeters are a type of constant-volume calorimeter which measures the heat of 

combustion of a particular reaction, while holding the volume constant at high pressures.  

Calorimeters are used to measure the heat of chemical reactions, physical changes and heat 

capacity.  A bomb calorimeter consists of the sample, oxygen, the stainless-steel bomb, water, a 

stirrer, a thermometer, the insulating container and ignition circuit connected to the bomb.  The 

stainless-steel bomb does not allow for volume change during the reaction.   

 

Figure 7.6. Diagram of bomb calorimeter setup [100]. 
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There is no heat exchange between the calorimeter and the surroundings so, no work is 

performed during the reaction.  This can be expressed by the equation below. 

Δ>8=87> = S +O = 	0 
 

(7.1) 

 

E is the total internal energy change; Q is the heat exchange (zero in this case) and W is 

the work done by the system (zero in this case).  The total internal energy change is: 

 

Δ>8=87> = Δ>6;684? + Δ>6<::=<,9@,16 = 0 

 

(7.2) 

 
 

Δ>6;684? = −Δ>6<::=<,9@,16 = −.AΔT 

 

(7.3) 

 
The energy of the system is equal to the heat capacity (Cv) multiplied by the temperature, 

T, because there is no change in volume (dV = 0).  The bomb calorimeter must then be calibrated 

before determining the heat of combustion of the sample.  It is calibrated by running a sample 

with a known heat of combustion value to determine the heat capacity.  Once calibrated, the heat 

of combustion is determined by: 

ΔU/ = .A ∙ ΔT 
 

(7.4) 

 

The paint sludge samples were sent Hazen Research for heat of combustion analysis.   

7.8 Microtrac Particle Size Analysis 

 

 A particle size analysis is used to characterize the size distribution of the particles within 

a sample.  This analysis is used in many different industries, especially those where milling or 

grinding is used.  Certain processes require a material where a certain fraction of that material 

can be classified into a specific particle size range.  For this investigation, the magnetite ore, 
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bentonite, limestone, and paint sludge samples were all analyzed with the Microtrac and their 

particle size distribution was determined by laser diffraction.   

 Laser diffraction can be used for particles that range in size from 0.5 to 1000 microns.  

The sample enters a water filled channel where a laser beam is introduced, and the laser beam is 

scattered by the group of particles.  Particle size is inversely proportional to the angle of the light 

scattering; smaller particle sizes have larger angles of light scattering.  

 

Figure 7.7. Representation of laser diffraction setup [101]. 

 

One issue with particle size analysis is the particle shape.  The analysis reports the 

particle size as a single number which is not always the case for particles that are not spherical.  

To overcome the issue, the particle size analyzer relates a one-dimensional property of a particle 

to the size of an equivalent sphere and is done using measurements of the surface area of volume 

of the particle [102].   
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CHAPTER 8 

INITIAL CHARACTERIZATION AND ANALYSIS  
 

 This chapter provides the characterization and analysis of the automotive paint sludge, 

magnetite, bentonite, and limestone samples in the as-received state.  Before the paint sludge was 

selected as a binder in iron ore pellets, the paint sludge samples were intensively analyzed.  

Although there is a great deal of previous research on automotive paint sludge, the complex 

nature of the material varies greatly within the industry.  As mentioned before, this paint sludge 

material is a combination of inorganic and organic components, and various techniques were 

used to better quantify these components.   

8.1 Organic Characterization of Paint Sludge Samples 

  

The organic characterization of the automotive paint sludge samples was done via 

Fourier-transform infrared spectroscopy (FTIR), 13C Solid-State Nuclear Magnetic Resonance 

(13C-NMR), Thermogravimetric analysis (TGA) and Calorimetry.  The organic characterization 

was done to prove there was an organic component within the paint sludge samples.  As 

previously mentioned, waterborne automotive paint sludge is not completely free of organic 

material.  The paint sludge samples from batch 1 and batch 2 were initially analyzed via FTIR 

shown in Figure 8.1 and Figure 8.2, respectively.   
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Figure 8.1. FTIR spectra of paint sludge sample from batch 1. 

 

 

Figure 8.2. FTIR spectra of paint sludge sample from batch 2. 
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 Figure 8.1 shows the FTIR spectrum for paint sludge samples from batch 1.  The 

spectrum is identified with C-H bond stretches and the fingerprint region.  Usually, the 

fingerprint region is used to identify semi-unknown samples against known ones because the 

peaks and transmittance percentage should be similar.  In Figure 8.1, the fingerprint region is 

shown between the wavelengths of 1800 and 800 cm-1, while the C-H bond stretch is around 

2800 cm-1.  C-H bonds at this wavelength are identified as an alkyl C-H stretch.  In the 

fingerprint region, the presence of a C=C alkene stretch around 1650 cm-1.  

 Figure 8.2 shows the FTIR spectrum for paint sludge samples from batch 2.  The 

spectrum is identified with an O-H bond stretch, C-H bond stretch and the fingerprint region.  

The fingerprint region is between the wavelengths of 1800 and 800 cm-1, with the presence of an 

alkene stretch around 1650 cm-1 also. The alkyl C-H bond stretch is present around the 2800 cm-1 

wavelength.  One difference between the paint sludge sample from batch 1 and batch 2 is the 

presence of an O-H bond stretch shown in Figure 8.2.  An O-H bond stretch is always shown as a 

broad peak around the 3200 cm-1 wavelength.  The O-H bond stretch is present in many samples 

that are moist, with the O-H bond representing the water molecule.  

 A more quantitative organic characterization was done using 13C solid-state NMR.  Solid-

state NMR was chosen because there was difficulty in dissolving the paint sludge.  In solid-state 

NMR, the presence of carbon nuclei is determined rather than protons.  13C-NMR also seemed an 

appropriate analysis technique because it was known that the paint sludge samples are developed 

with the use of polymers: long carbon-based chains.  The different types of functional groups 

attached to those carbon-backbone polymers would be characterized by carbon nuclei spins.  

Figure  and Figure  show the 13C-NMR data for the paint sludge samples from batch 1 and 2, 

respectively.  
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Figure 8.3. 13C-NMR spectrum of paint sludge sample from batch 1. 

 

Figure 8.4. 13C-NMR spectrum of paint sludge sample from batch 2. 
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 Both 13C-NMR spectra are similar in that they show the presence of carbonyl, esters and 

non-aromatic hydrocarbons.  Carbonyl peaks are present at 177, 158 and 149 ppm.  The intensity 

for the carbonyl peak at 149 ppm is low, indicating it can be a carbamate.  Carbamates are 

indicative of urethane which can be found in paint.  Ether/ester peaks are shown from 70 to 50 

ppm, and large aliphatic peaks at 55 to 10 ppm.  Both spectra also showed broadened signals, 

indicating that some paramagnetic material may be present in the paint sludge samples, such as 

titanium. 

 A final characterization of the organic material present was done via a bomb calorimeter.  

As mentioned before, a bomb calorimeter measures heats of combustion to give the calorific 

value of samples.  This sort of analysis was done on the paint sludge samples to ascertain how 

much energy is released when the samples are combusted.  An understanding of this value is 

useful because it may be utilized to quantify the performance of a fuel in a combustion system, 

such as when the pellets are fired.  The data from the calorimetry analysis is shown in table 15.  

The two samples were analyzed on a dry basis and as received with relevant moisture content.  

 

Table 8.1. Heat of combustion analysis. 

Paint Sludge 
Sample 

As Received 
 

Dry Basis 

Moisture % BTU/lb kJ/kg BTU/lb kJ/kg 

Batch 1 1.65 8559 19908.2 8703 20243.2 
Batch 2 33.07 6664 15500.5 9957 23160.0 

 

8.2 Thermogravimetric Analysis (TGA) of Paint Sludge Samples from Batch 1 and 2 

 Figure 8.5 and Figure 8.6 show the thermogravimetric analysis of the paint sludge 

samples from batch 1 and batch 2, respectively.  
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Figure 8.5. Thermogravimetric analysis of paint sludge sample from batch 1. 

 

Both figures show there was an initial rapid decrease in mass due to the evaporation of 

alcohols and volatile compounds, such as VOCs. The mass loss then plateaus as represented by 

the location “B” on both figures, followed by a steady decrease in the mass until location 

denoted “C.”  The constant slope of mass loss is indicative of the decomposition of polymeric 

materials.  In both figures, Ti and Tf denote the initial and final temperatures of the chemical 

reaction.  The paint sludge sample from batch 1 (Figure 8.5) displayed an initial temperature of 

reaction to be 245°C and 717°C to be the final temperature of reaction.  At the initial 

temperature, the mass percentage was 91%, implying 9% of the mass had been dehydrated 

immediately upon heating. The mass percentage at the final temperature was 33%, indicating the 

remaining 33% of material is ash at the end of the reaction.  The total mass change during the 

reaction is 58%.  The paint sludge sample from batch 2 (Figure 8.6) shows an initial temperature 
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of reaction to be 267°C and a final temperature of 755°C.  Similar to what occurred during the 

reaction of heating the sample from batch 1, the mass percentage at the initial temperature was 

82%.  The mass percentage at the end of the reaction is 32% with a total mass loss during the 

heating reaction to be 50%.  It is not surprising that both these TGA spectra show initial and final 

temperatures and masses to be around the same value because they both contain VOCs and 

polymeric material found in automotive paints.  Differences amongst the spectra may be due to 

varieties in types of paint included in each batch and humidity of the samples when tested.  

 

Figure 8.6. Thermogravimetric analysis of paint sludge sample from batch 2. 
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8.3 XRF, AMICS, XRD, and SEM/EDS Analysis of Paint Sludge Samples 

 

Table 8.2 shows the XRF analysis of the samples of paint sludge from batch 1 and batch 

2.  Differences may be due to varying painting schedules at each location as well as the types of 

primer, base and clear coats used.  Table 8.3 shows the AMICS results for the paint sludge 

sample, indicating rutile TiO2 as the main component of the material at 50.05%.  Hydrated 

bentonite is the second most abundant mineral phase at 44.89%.  

 

Table 8.2. XRF analysis of paint sludge samples from batch 1 and batch 2. 

Compound 
Weight % 

Batch 1 Batch 2 

TiO2 51.05 48.05 
Al2O3 9.54 10.54 
Na2O 17.02 13.02 
SiO2 6.90 8.94 
BaO 2.91 2.15 
Cs2O 1.89 1.49 
Fe3O4 1.45 3.45 
As2O3 1.09 1.13 
TeO2 0.451 0.51 
MgO 0.326 0.456 
ZrO2 0.257 0.346 
Ag2O 0.169 0.132 

 

Table 8.3. AMICS results for paint sludge sample. 

Mineral  Chemistry Paint Sludge Sample 

Rutile TiO2 50.05 
Bentonite Al2O3SiO2*2H2O 44.89 
Magnetite Fe3O4 4.50 

Quartz SiO2 0.49 
Calcite CaCO3 0.03 
Fayalite FeSiO3 0.03 
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The following figures show SEM with EDS analysis of the paint sludge sample from 

batch 1.  EDS analysis allows for specific point in the sample to be chosen and their elemental 

components analyzed.  The EDS spots are denoted on Figure  and their respective elemental 

analysis shown in Figure , Figure , and Figure .  

 

Figure 8.7. SEM image of paint sludge sample from batch 1. 

 

Both SEM images, shown in Figure 8.7 and Figure 8.8, were taken using the 

backscattered electrons signal (BSE).  This signal allows for quick determination between 

heavier and lighter elements since BSE has a higher sensitivity to differences in atomic number.  

The higher the Z value (atomic number), the brighter the image will show, while low Z values 

display darker with a BSE signal.  EDS spots 1 and 3 show brighter than spot 4 because of the 
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presence of the titanium and carbon elements as compared to aluminum in spot 4; titanium has a 

higher atomic number than aluminum.  

 

Figure 8.8. SEM image of paint sludge sample from batch 1. 
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Figure 8.9. EDS spectra of spot 1. 

 

 

Figure 8.10. EDS spectra of spot 3. 
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Figure 8.11. EDS spectra of spot 4. 

 

 

 

Figure 8.12. XRD spectra of paint sludge sample in batch 1. 
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Figure 8.12 shows the XRD spectra from the paint sludge sample in batch 1, showing 

almost all the sample is rutile TiO2 with a small percentage of aluminum.  It is also worth noting 

that the baseline rises around 20 degrees two-theta due to amorphous material in the sample, 

which is most likely the organic components.  

8.4 Magnetite Sample Characterization 

  

The magnetite ore sample was characterized with AMICS for mineral phases.  The 

dominant mineral phase is magnetite at 76.28%, followed by hydrated bentonite at 13.50%.  

There were also dolomite, calcite, fayalite and quartz mineral phases determined.  The magnetite 

ore was also analyzed in the XRF and the results are shown in Table 8.5.   

 

 

 

 

 

 

Table 8.4. AMICS modal mineralogy results for magnetite sample. 

Mineral Chemistry Magnetite Sample 

Magnetite Fe3O4 76.28 
Bentonite Al2O3SiO2*2H2O 13.50 
Dolomite Ca,Mg(CO3)2 4.02 
Calcite CaCO3 2.57 
Fayalite FeSiO3 2.19 
Quartz SiO2 1.17 
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Table 8.5. XRF analysis of magnetite ore sample. 

Mineral Weight % 

Fe3O4 93.1 
SiO2 6.31 
Al2O3 0.08 
P2O5 0.031 
SO3 0.212 
MgO 0.256 
CaO 0.121 
K2O 0.021 
Na2O 0.041 
As2O3 0.002 

Total 100.053 

 

8.5 Particle Size Analysis of Paint Sludge Sample, Magnetite Ore, Bentonite, and Limestone 

 As mentioned in section 7.8, the materials were analyzed using a Microtrac particle size 

analyzer.  Figure 8.13, Figure 8.14, Figure 8.15, and Figure 8.16 show the percent passing of 

material per particle size in microns for a pulverized sample of paint sludge, magnetite ore, 

bentonite, limestone, respectively.  

 

Figure 8.13. Particle size analysis of pulverized paint sludge sample. 
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Figure 8.14. Particle size analysis of magnetite ore. 

 

 

Figure 8.15. Particle size analysis of bentonite. 
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Figure 8.16. Particle size analysis of limestone. 

 

 

Figure 8.17. Percent Passing of limestone, bentonite, paint sludge, and magnetite ore. 
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values of particle size differ greatly, as shown in Table 8.6.  Although precautions and 

procedures were followed carefully when analyzing each material, certain materials were more 

difficult than others.  For example, bentonite is a clay and easily agglomerated when exposed to 

water, which is the environment of the particle size analyzer used.  This is also prevalent in 

Figure  where two maxima appear for the size analysis.  Another example is the paint sludge 

sample.  Although the paint sludge was pulverized, the P80 is still much larger compared to the 

other materials.  This may be due to the organic material present, specifically, the polymeric 

component.  The pulverizer uses abrasiveness to break apart the material, but many polymers are 

highly elastic and would most likely not be crushed into smaller particles so easily.  

 

Table 8.6. Size of particles at 80% passing. 

Material 80% Passing (microns) 

Limestone 10.01 
Bentonite 35.30  

Magnetite Ore 75.05 
Paint Sludge (pulverized) 439.9 
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CHAPTER 9 

EXPERIMENTAL AND MODELLING RESULTS AND DISCUSSION 
 

 This chapter details the results of tests done on the pellets where their physical properties 

are determined.  Those tests include, crushing strength, drop test and apparent porosity.  In 

addition, the reducibility of the pellets after an hour and a kinetic reduction study will be 

discussed and analyzed.  Finally, the compression test model designed in Abaqus will be shown 

and discussed.  The pellets tested are from both batches and include dry and fired pellets. 

9.1 Crushing Strength Test Results 

 
 Iron ore pellets are continuously moved amongst the pelletizing plant and need to 

withstand at least 250 kg/pellet of force to be considered strong enough for handling and 

transportation.  Pellets made from both batches of paint sludge material were subject to 

compression tests to determine their crushing strength value.  Table 9.1 shows the dry and cold 

crushing strength values determined for the pellets made from batch 1 of paint sludge material 

and fired at different times and temperatures.  Cold crushing strength is the industry term used 

for the crushing strength of fired pellets.   

9.1.1 Crushing Strength Test Results for Batch 1 Pellets 

 Table 9.l shows the crushing strength values in increasing order for dry and fired pellets 

made from the paint sludge sample from batch 1.  As seen in the table, the biggest indicator of 

increased cold crushing strength is increased temperature.  Most of the values of cold crushing 

strength above 250 kg/pellet were seen in pellets indurated at 1010°C and 1150°C.  They were 

also left at that induration temperature for 60 minutes or longer.  The type of pellets that pass the 

250 kg/pellet threshold are the following:  

• 1 wt.% paint sludge, 1 wt.% bentonite, and 0 wt.% limestone 
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• 1 wt.% paint sludge, 1 wt.% bentonite, and 3 wt.% limestone 

• 0 wt.% paint sludge, 1 wt.% bentonite, and 3 wt.% limestone 

• 0.5 wt.% paint sludge, 0.5 wt.% bentonite, and 1.5 wt.% limestone 

• 1 wt.% paint sludge, 0 wt.% bentonite, and 3 wt.% limestone 

• 0 wt.% paint sludge, 0 wt.% bentonite, and 0 wt.% limestone 

• 1 wt.% paint sludge, 0 wt.% bentonite, and 0 wt.% limestone 

Some of this material combinations can also be found in Table 9.1 to not pass the crushing 

strength threshold and that is due to low temperature of 870°C and short induration time.   

The question driving this research was if waterborne automotive paint sludge could replace all or 

some of the bentonite additions made when producing iron ore pellets.  Based on the data in 

Table 9.1 0.5PS_0.5B_1.5LS, 1PS_0B_3LS, and 1PS_0B_0LS pellet types prove this to be 

possible with the paint sludge from batch 1.  The pellet type 0PS_0B_0LS is interesting because 

at 1150°C for 30 minutes, it does not pass the crushing strength threshold, however, kept at that 

temperature for 90 minutes, the cold crushing strength increases from 249 to 254.  This may be 

due to the small amounts the bentonite phase found in the AMICS analysis of the magnetite ore 

sample, shown in Table 8.4.  

Figure 9.1 shows another representation of how different temperatures affect the cold 

crushing strength of pellets of the same material combinations.  In all pellet type combinations, 

an increase in temperature increases the cold crushing strength.  Pellet type 0.5PS_0.5B_1.5LS 

only shows one value of cold crushing strength because it was solely indurated at 1010°C, while 

the other pellet types were indurated at both 870°C and 1150°C.  

 A comparison between the crushing strength of dry and fired pellet types are shown in 

Figure 9.2 and Figure 9.3, for pellets fired at 870°C and 1150°C, respectively.  



 107 

These figures highlight the differences in chemical and physical strengthening 

mechanisms occurring while the pellet is exposed to different temperatures.  A dry pellet is dried 

at 100°C and is considered more fragile than green pellets because the capillary forces that held 

the green pellets together are now gone due to water evaporation.  The water evaporation leaves 

the dry pellets mechanically weakened, and it may be argued that the plasticity behavior once 

present in the green pellets is now gone.  As shown in Figure 9.2 and Figure 9.3, the dry crushing 

strength values are significantly lower compared to those fired at 870°C and 1150°C.  

 

Table 9.1. Batch 1 pellet dry and cold crushing strength. 

Pellet Type Temperature 
(Celsius) 

Time 
(minutes) 

Dry Crushing 
Strength (kg/pellet) 

Cold Crushing 
Strength (kg/pellet) 

0PS-0B-0LS 870 90 12 197 
0PS-0B-3LS 870 30 11 210 
0PS-1B-0LS 870 30 12 219 
1PS-0B-0LS 870 30 13 219 
0PS-1B-3LS 870 90 10 240 
1PS-0B-3LS 870 90 12 245 
0PS-0B-0LS 1150 30 26 249 

1PS-1B-0LS 870 30 11 253 
1PS-1B-3LS 870 30 13 254 
0PS-1B-3LS 1150 30 21 254 
0PS-1B-0LS 1150 90 27 254 
1PS-1B-0LS 1150 90 14 259 

0.5PS-0.5B-1.5LS 1010 60 23 259 
1PS-0B-3LS 1150 30 28 261 

0.5PS-0.5B-1.5LS 1010 60 21 264 
0PS-0B-3LS 1150 90 26 265 

0.5PS-0.5B-1.5LS 1010 60 20 268 
1PS-0B-0LS 1150 90 29 269 
1PS-1B-3LS 115 90 23 284 
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Figure 9.1. Cold Crushing Strength (CCS) for batch 1 pellets. 

 

However, once the pellets have been indurated, they do become mechanically stronger 

but for different reasons at the two temperatures.  Pellets indurated at 870°C become denser due 

to the phase change occurring during the oxidation from magnetite to hematite.  On the other 

hand, pellets indurated at 1150°C are shown to have higher crushing strength values because of 

sintering effects.  Sintering in iron ore pellets occurs above 1000°C and is a major contributor to 

the strength of iron ore pellets.  

9.1.2 Crushing Strength Test Results for Batch 2 Pellets 

 Like what is shown in section 9.1.1 for batch 1 pellets, this section details the crushing 

strength test results for pellets produced from the batch 2 paint sludge sample.  Table 9.2 shows 

the dry and cold crushing strength values for both dry and fired pellets in increasing cold 
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crushing strength values.  As mentioned before, increased temperature is shown to be the biggest 

indicator of increased pellet cold crushing strength.   

 

Figure 9.2. Crushing Strength of Dry vs. Fired Batch 1 Pellets at 870C. 

 

The same 250 kg/pellet crushing strength threshold was applied to Table 9.2 and it shows the 

following pellet type combinations as passing that value: 

• 0.5 wt.% paint sludge, 0.5 wt.% bentonite, and 1.5 wt.% limestone 

• 1 wt.% paint sludge, 1 wt.% bentonite, and 0 wt.% limestone 

• 1 wt.% paint sludge, 0 wt.% bentonite, and 0 wt.% limestone 

• 1 wt.% paint sludge, 0 wt.% bentonite, and 3 wt.% limestone 

• 0 wt.% paint sludge, 1 wt.% bentonite, and 0 wt.% limestone 

• 1 wt.% paint sludge, 1 wt.% bentonite, and 3 wt.% limestone 
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Figure 9.3. Crushing Strength of Dry vs. Fired Batch 1 Pellets at 1150C. 
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Table 9.2. Batch 2 pellets dry and cold crushing strength. 

Pellet Type Temperature 
(Celsius) 

Time 
(minutes) 

Dry Crushing 
Strength (kg/pellet) 

Cold Crushing 
Strength (kg/pellet) 

0PS-0B-0LS 870 90 12 190 
1PS-1B-3LS 870 30 13 200 
0PS-0B-3LS 870 30 11 213 
1PS-0B-0LS 870 30 13 214 
0PS-1B-0LS 870 30 12 221 
1PS-1B-0LS 870 30 11 228 
0PS-0B-0LS 1150 30 26 230 
1PS-0B-3LS 870 90 12 245 
0PS-1B-3LS 870 90 10 249 
0PS-0B-3LS 1150 90 26 249 

0.5PS-0.5B-1.5LS 1010 60 23 262 
1PS-1B-0LS 1150 90 14 264 
1PS-0B-0LS 1150 90 29 265 

0.5PS-0.5B-1.5LS 1010 60 20 268 
1PS-0B-3LS 1150 30 28 270 

0.5PS-0.5B-1.5LS 1010 60 21 273 
0PS-1B-0LS 1150 90 27 276 
1PS-1B-3LS 1150 30 13 278 
1PS-1B-3LS 1150 90 23 284 

 

Some of these pellet type combinations are also seen in Table 9.2 to have crushing 

strength values below 250 kg/pellet, but those are due to their low induration temperature of 

870°C.  All the pellets that had crushing strength values over 250 kg/pellet were indurated at 

1010°C or 1150°C for 60 minutes or 90 minutes.  Figure  is another representation of this as it 

shows the cold crushing strength increase with increased temperature for pellets of the same 

material combination. Figure 9.5 and Figure 9.6 show the crushing strength for dry and fired 

pellets indurated at 870°C and 1150°C, respectively.  As mentioned in the previous section, 

differences in dry and cold crushing strength are most likely due to water evaporation in the dry 

pellets and the formation of denser hematite pellets at 870°C.  Of course, as the temperature 

increased to 1150°C, sintering effects begin to substantially strengthen the pellets compared to 

what is seen at 870°C.  
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Figure 9.4. Cold Crushing Strength for Batch 2 pellets. 

 

 

Figure 9.5. Crushing Strength for Dry vs. Fired Batch 2 Pellets at 870C. 
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Figure 9.6. Crushing Strength for Dry vs. Fired Batch 2 Pellets at 1150C. 
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bentonite addition was replaced with paint sludge (0.5PS_0.5B_1.5LS).  It can be concluded then 

that magnetite ore pellets substituted completely or partially with automotive paint sludge still 

display impact values comparable to pellets with bentonite clay.   

 

Table 9.3. Drop number for dry and fired batch 1 pellets. 

Pellet Type Temperature 
(Celsius) 

Time (minutes) Drop number for 
dry pellets 

Drop number for 
fired pellets 

0PS-0B-0LS 1150 30 1 1 
0PS-1B-0LS 870 30 1 4 
1PS-0B-0LS 870 30 2 4 
1PS-1B-3LS 870 30 4 4 
0PS-1B-3LS 870 90 2 5 
0PS-0B-3LS 870 30 4 5 
1PS-1B-0LS 870 30 1 7 
0PS-0B-0LS 870 90 2 7 
1PS-0B-3LS 870 90 3 7 

0.5PS-0.5B-1.5LS 1010 60 6 9 
1PS-0B-3LS 1150 30 6 9 
0PS-1B-3LS 1150 30 7 9 
0PS-0B-3LS 1150 90 5 10 
0PS-1B-0LS 1150 90 6 10 

0.5PS-0.5B-1.5LS 1010 60 7 10 
1PS-1B-3LS 1150 90 4 11 
1PS-1B-0LS 1150 90 6 11 
1PS-0B-0LS 1150 90 5 12 

0.5PS-0.5B-1.5LS 1010 60 5 12 

 

Figure 9.7 shows the drop test values for fired pellets made from batch 1 paint sludge 

material for induration temperatures 870°C, 1010°C, 1150°C.  This graph shows the temperature 

dependence again, implying the importance of sintering in the strengthening of iron ore pellets.  

The pellet type 0PS_0B_0LS does not show any promising impact values, most likely due to the 

lack of bentonite and paint sludge materials.  
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Figure 9.7. Drop Test Numbers for Fired Batch 1 Pellets. 

 

9.1.4 Drop Test Results for Batch 2 Pellets 
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Table 9.4. Drop number for dry and fired batch 2 pellets. 

Pellet Type Temperature 
(Celsius) 

Time (minutes) Drop Number 
for dry pellets 

Drop Number 
for fired pellets 

0PS-0B-0LS 870 90 2 2 
0PS-0B-0LS 1150 30 2 3 
0PS-0B-3LS 870 30 2 4 
0PS-1B-0LS 870 30 2 4 
1PS-1B-0LS 870 30 2 5 
1PS-0B-3LS 870 90 3 5 
1PS-1B-3LS 870 30 3 5 
0PS-1B-3LS 870 90 2 6 

0PS-1B-0LS 1150 90 7 9 
0.5PS-0.5B-1.5LS 1010 60 5 10 

0PS-0B-3LS 1150 90 6 10 
1PS-1B-3LS 1150 90 7 10 

0.5PS-0.5B-1.5LS 1010 60 8 10 
1PS-0B-0LS 870 30 2 11 
1PS-0B-3LS 1150 30 5 11 
1PS-0B-0LS 1150 90 6 11 

0.5PS-0.5B-1.5LS 1010 60 6 11 
0PS-1B-3LS 1150 30 7 11 
1PS-1B-0LS 1150 90 7 11 

 

Similar to what is seen in Figure 9.7, the pellet type 0PS_0B_0LS cannot withstand 

numerous drops due to the lack of bentonite and paint sludge material to strengthen the pellets. 

Finally, Figure 9.9 shows a comparison between drop test values between batch 1 and batch 2 

fired pellets.  Pellets indurated above 1000°C are shown to withstand multiple drops and are 

considered durable enough for handling and transportation in a manner typical of an industrial 

pelletizing plant.  

9.2 Apparent Porosity and Reduction Results for Batch 1 and Batch 2 Pellets 

  

This section discussed the apparent porosity and percent reduction results for the pellets made 

from batches 1 and 2 of paint sludge material.  The procedure for determining the apparent 

porosity of a pellet is detailed in section 6.2.3.  The experimental procedure for determination of 

reduction percentage is in section 6.2.4 and equations 9.1 and 9.2 were used to calculate the 
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percent reduction; porosity of a pellet is detailed in section 6.2.3.  The experimental procedure 

for determination of reduction percentage is in section 6.2.4 and the following equations were 

used to calculate the percent reduction:  

 

 

Figure 9.8. Drop Test Numbers for Fired Batch 2 Pellets. 

 

(0.30) x (%Fe2O3) x (Wi) = initial O2 associated 
with Fe in pellet 

(9.1) 

 

 

WK)2ℎ+	59((	'+	+)YK	+
)=)+)'5	/(	ZK	)=	;K55K+

= %	<K87*+)9= 
(9.2) 

 
 

Where:  

Wi = is the initial weight of the pellet before reduction reaction 

0.30 = fraction of O2 in Fe2O3  
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% Fe2O3 = weight percent of hematite used in pellet, assuming all magnetite converts to hematite 

 

  

Figure 9.9. Drop number versus temperature of induration for pellets of batch 1 and 2. 

 

The calculation of the apparent porosity of the pellet is important for efficient 

reducibility.  Although apparent porosity does not determine the percentage of closed pores 

within a pellet sample, it can calculate open porosity.  Pores allow for the reducing gases to 

penetrate the pellets more easily and aid in the reduction process.  Industry standards consider a 

porosity of 20% suitable for their reduction processes.  Table 9.5 and Table 9.6 show the 

apparent porosity and the resulting percent reduction.  Pellet type 0PS_0B_0LS which was 

indurated at 870°C for 30 minutes showed an apparent porosity of 15.00% and it resulted in a 

34.6% reduction after 1 hour with carbon monoxide gas exposure (Table 9.5).  On the other 
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hand, the pellet type 1PS_0B_3LS which was indurated at 1150°C for 30 minutes resulted in a 

46.8% apparent porosity and 78.6% reduction (Table 9.5).  Greater apparent porosity values are 

shown to result in a higher percent reduction.  

In Table 9.6, the pellet type 1PS_0B_3LS which was indurated at 1150°C for 30 minutes 

showed a 42.1% apparent porosity and 74.3% reduction.  Another example from batch 2 pellets 

is the 0.5PS_0.5B_1.5LS pellet type which was indurated 1010°C for 60 minutes showed a 

47.7% apparent porosity and 70.2% reduction (Table 9.6).  Table 9.7 also shows there is a 

conversion of magnetite to hematite in pellets labeled 1PS_1B and 1PS_1.5LS-F.  Pellet type 

1PS_1B was not fired during the time of AMICS analysis and is shown to contain 74.40% of 

magnetite and there was no hematite mineral phase detected.  1PS_1.5LS-F pellet type was fired 

at the time of AMICS analysis and showed to contain 74.68% of hematite but no magnetite 

mineral phase detected.  Pellet type 0.5PS_0.5B_1.5LS which is labeled as 1R in Table 9.7 

shows 65.11% magnetite phase and 20.74% hematite.  This pellet was reduced for 1 hour and 

shows the reduction from hematite to magnetite.  On the contrary, pellet type 1PS_0B_3LS, 

labelled as 28F, does show any secondary magnetite phase, but only the 81.85% hematite phase.  

The images in Figure 9.10 and Figure 9.11 show the backscatter and false color images of IR and 

28F pellet, respectively, where the color scheme to the false color images in shown in Table 9.8. 

Based on the apparent porosity and resulting percent reduction results presented in this 

section, pellet types with no bentonite or partial bentonite are also capable of comparable 

porosity values and resulting percent reduction values to those used in the iron- and steelmaking 

industries.  The backscatter and false color images also provide more information on the 

oxidation of the magnetite pellets to hematite and then their reduction from hematite to 

secondary magnetite.   
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Table 9.5 Apparent porosity and Percent Reduction of batch 1 pellets. 

Pellet Type Temperature 
(Celsius) 

Time (minutes) Apparent 
Porosity (%) 

Percent 
Reduction (%) 

0PS-1B-3LS 870 90 43.33 47.2 
0PS-1B-3LS 1150 30 44.68 75.2 
1PS-1B-3LS 870 30 47.46 42.4 
1PS-1B-3LS 1150 90 47.92 84.7 
0PS-0B-3LS 870 30 15.00 34.6 
0PS-0B-3LS 1150 90 45.45 76.2 
1PS-0B-3LS 870 90 45.00 51.8 
1PS-0B-3LS 1150 30 46.81 78.6 
0PS-1B-0LS 870 30 36.84 57.4 
0PS-1B-0LS 1150 90 39.71 75.9 
1PS-1B-0LS 870 30 48.00 54.7 
1PS-1B-0LS 1150 90 44.44 75.4 
0PS-0B-0LS 870 90 44.44 49.6 
0PS-0B-0LS 1150 30 47.78 75.1 
1PS-0B-0LS 870 30 30.61 50.4 
1PS-0B-0LS 1150 90 44.64 68.5 

0.5PS-0.5B-1.5LS 1010 60 43.33 63.2 
0.5PS-0.5B-1.5LS 1010 60 43.28 60.5 
0.5PS-0.5B-1.5LS 1010 60 46.94 64.7 
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Table 9.6. Apparent porosity and percent reduction of batch 2 pellets. 

Pellet Type Temperature 
(Celsius) 

Time (minutes) Apparent 
Porosity (%) 

Percent 
Reduction (%) 

0PS-1B-3LS 870 90 43.3 45.4 
0PS-1B-3LS 1150 30 63.3 72.3 
1PS-1B-3LS 870 30 42.3 43.7 
1PS-1B-3LS 1150 90 42.4 86.5 
0PS-0B-3LS 870 30 28.6 36.8 
0PS-0B-3LS 1150 90 47.6 73.4 
1PS-0B-3LS 870 90 32.1 51.3 
1PS-0B-3LS 1150 30 42.1 74.3 
0PS-1B-0LS 870 30 20.0 56.3 
0PS-1B-0LS 1150 90 48.8 75.4 
1PS-1B-0LS 870 30 31.7 54.4 
1PS-1B-0LS 1150 90 51.9 75.3 
0PS-0B-0LS 870 90 15.2 45.3 
0PS-0B-0LS 1150 30 42.2 74.2 
1PS-0B-0LS 870 30 20.5 54.3 
1PS-0B-0LS 1150 90 40.0 67.3 

0.5PS-0.5B-1.5LS 1010 60 42.1 65.1 
0.5PS-0.5B-1.5LS 1010 60 48.9 68.9 
0.5PS-0.5B-1.5LS 1010 60 47.7 70.2 
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Table 9.7 AMICS Modal Mineralogy results for pellet samples. 

Mineral Chemistry 1R 28F 1PS_1B  1PS_1.5LS-F 

(Al,Si,Ti)O2 (Al,Si,Ti)O2 0.74 1.98 - - 
Ankerite (Fe,Mg,Ca)CO3 4.01 5.43 3.47 5.22 
Bentonite Al2O3SiO2*2H2O - - 11.27 13.08 
Apatite Ca5(PO4)3OH 0.01 0.06 - - 
Biotite K(Mg,Fe)3AlSi3O10(OH)2 0.05 0.14 - - 
Calcite CaCO3 1.80 1.62 2.89 0.56 

Dolomite (Ca,Mg)CO3 1.53 0.32 1.14 0.31 
Fayalite FeSiO3 1.33 0.89 1.55 1.94 

Hedenbergite CaMgSi2O6 0.27 1.23 - - 
Magnetite Fe3O4 65.11 0.00 74.40 0.00 
Hematite Fe2O3 20.74 81.85 0.00 74.68 

Orthoclase KAlSi3O8 0.00 0.01 0.00 0.00 
Periclase MgO 0.04 0.65 1.06 1.03 
Quartz SiO2 3.32 2.73 2.13 1.78 
Rutile TiO2 0.47 0.95 0.08 0.00 
Talc Mg3Si4O10(OH)2 0.03 0.04 - - 

Titanite CaSiTiO6 0.47 1.78 - - 
Wollastonite CaSiO3 0.09 0.32 - - 

Iron Fe - - 2.01 1.40 

Total 100.1 100 100 100 
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The images in Figure 9.10 and Figure 9.11 show the backscatter and false color images of 

IR and 28F pellet, respectively, where the color scheme to the false color images in shown in 

Table 9.8. 

Based on the apparent porosity and resulting percent reduction results presented in this 

section, pellet types with no bentonite or partial bentonite are also capable of comparable 

porosity values and resulting percent reduction values to those used in the iron- and steelmaking 

industries.  The backscatter and false color images also provide more information on the 

oxidation of the magnetite pellets to hematite and then their reduction from hematite to 

secondary magnetite.   

 

Table 9.8. AMICS color scheme. 

Mineral/Phase Color 

(Al,Si,Ti)O2  

Ankerite  

Apatite  
Biotite  
Calcite  

Dolomite  
Fayalite  

Hedenbergite  

Magnetite  
Hematite  

Orthoclase  

Periclase  
Pores  

Quartz  

Rutile  

Talc  

Titanite  

Wollastonite  
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Figure 9.10. Backscatter image and false-color image of 1R pellet. 

 

  

Figure 9.11. Backscatter image and false-color image of 28F pellet. 
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9.3 Gas–Solid Reaction Kinetic Study 

 

This section details and discusses the reduction reaction kinetic study to investigate how 

the reduction within certain pellets progresses at 30-minute intervals for a total of 2 hours of 

exposure to carbon monoxide at 850°C, 900°C, and 950°C  

9.3.1 Reduction Study  

The following pellet types were reduced for the reduction study: 

• 1 wt.% paint sludge, 0 wt.% bentonite, and 3 wt.% limestone 

• 0 wt.% paint sludge, 1 wt.% bentonite, and 0 wt.% limestone 

• 1 wt.% paint sludge, 1 wt.% bentonite, and 3 wt.% limestone 

• 0.5 wt.% paint sludge, 0.5 wt.% bentonite, and 1.5 wt.% limestone 

Figure 9.12, Figure 9.13, Figure 9.14, and Figure 9.15 show scatter plots of percent reduction 

versus time in minutes for each of the pellet types.  Every 30 minutes for two hours the weight of 

the pellets was recorded to determine the percent reduction during that interval.   

The temperatures of 850°C, 900°C, and 950°C were chosen based reducibility tests done 

on pellets for industrial use.  As the reducing temperature increases, so does the final percent 

reduction of the pellets.  One interesting observation shown in Figure 9.12 and Figure 9.14 is that 

pellets with paint sludge additions show a higher percent of reduction after 2 hours, while pellets 

with no paint sludge addition (Figure 9.13) or paint sludge and bentonite additions (Figure 9.15) 

have a lower percent reduction after 2 hours.  This analysis may prove a previous claim in the 

literature review chapter where the addition of titanium aids and accelerates the reduction of iron 

ore pellets.   
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Figure 9.12. Percent reduction versus time and temperature for 1 wt.% paint sludge, 0 wt.% 
bentonite, and 3 wt.% limestone. 

 

 

Figure 9.13. Percent reduction versus time and temperature for 0 wt.% paint sludge, 1 wt.% 

bentonite, and 0 wt.% limestone. 
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Figure 9.14. Percent reduction versus time and temperature for 0.5 wt.% paint sludge, 0.5 wt.% 
bentonite, and 1.5 wt.% limestone. 

 

 

Figure 9.15. Percent reduction versus time and temperature for 1 wt.% paint sludge, 1 wt.% 

bentonite, and 3 wt.% limestone. 
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9.3.2 Application to Unreacted Shrinking Core Model 

 Chapter 4 details different kinetic models for gas – solid reactions, including the 

unreacted shrinking core model, progressive – conversion model, and grain model.  There has 

been much research interest into modeling the reduction kinetics of iron ore pellets and most 

literature employs the use of the unreacted shrinking core model to describe the rate-limiting step 

for the reduction.  The shrinking core model suggests three control mechanisms as the rate-

limiting step: diffusion through gas film, diffusion through ash layer, chemical reaction.   

Determination of which mechanism is rate controlling is done by applying the extent of 

reaction, or percent reduction in this case, to the time-conversion expressions discussed in 

section 4.1.  This equation is then plotted against time in minutes to show how well the time-

conversion expression for that specific mechanism fits the data.  Figure 9.16, Figure 9.17, Figure 

9.18, and Figure 9.19 show the chemical reaction time-conversion expression plot with linear 

trendline applied for a best-fit line. How well this chemical reaction time-conversion expression 

models the percent reduction for each pellet type is shown in Table 9.9, Table 9.10, Table 9.11, 

and Table 9.12 via the trendline equation and R2 values.  An R2 value close to 1.0 indicates how 

closely fit the data is to the model.  Figure 9.20, Figure 9.21, Figure 9.22, and Figure 9.23 and 

Table 9.13, Table 9.14, Table 9.15, and Table 9.16 show the same information but the time-

conversion expression for diffusion through ash layer as the rate-controlling step.  

 Based on the R2 values between the chemical reaction and diffusion through ash layer 

time-conversion expressions, the rate-controlling step is chemical reaction.  It is worth noting 

that as the reduction temperature increases, the reduction data more closely fits to the chemical 

reaction time-conversion expression.  However, the R2 values determined for the data used in the 

ash layer diffusion time-conversion expression are also considerably close to 1, implying the rate 
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controlling step may be a combination of diffusion through the ash layer and chemical reaction.  

In terms of a possible bentonite substitution to paint sludge, it is encouraging to discover the 

reduction kinetics are like iron ore pellets made with a bentonite binder.  This kinetic modelling 

data, in addition to the reduction data, show promising results for the use of paint sludge as an 

iron ore pellet binder, that may assist in reducing the iron.  

9.4 State–Ease Results 

  

This section provides a statistical analysis of the cold crushing test, drop test, apparent 

porosity and percent reduction results.  It is important in multi-factor studies to show there is a 

statistical significance in the results.  It also provides information on how important certain 

factors are over others for future investigations.   

9.4.1 Cold Crushing Strength Data 

 Half-Normal plots show how significant certain factors are in affecting the cold crushing 

strength of pellets.  The standardized effect, shown along the x-axis, displays the numerical value 

of significant of the factor, with the largest effect at the right-most part of the plot.  In Figure 

9.24, the more significant factor is temperature in affecting the cold crushing strength of the 

pellets in batch 1.  The other factors, paint sludge addition, bentonite addition, induration time, 

limestone addition and a combination of them are chosen to see if they pass the Bonferroni limit 

in the Pareto chart in Figure 9.25.  The Pareto chart shows that only the temperature, paint sludge 

addition, bentonite addition and time as the most significant factors for changes in cold crushing 

strength.  
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Figure 9.16. Unreacted core model: chemical controls versus time and temperature for 0 wt.% 
paint sludge, 1 wt.% bentonite, and 0 wt.% limestone pellets. 

 

 

 

Table 9.9. Equations and R-squared values for trendlines in Figure 78. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.0017x + 0.0513 

R2 = 0.9897 

900 
y = 0.0023x + 0.012 

R2 = 0.9988 

950 
y = 0.0024x + 0.038 

R2 = 0.9889 
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Figure 9.17. Unreacted core model: chemical controls versus time and temperature for 0.5 wt.% 
paint sludge, 0.5 wt.% bentonite, and 1.5 wt.% limestone pellets. 

 

 

 

Table 9.10. Equations and R-squared values for trendlines in Figure 79. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.0027x + 0.1097 

R2 = 0.8867 

900 
y = 0.0032x + 0.1286 

R2 = 0.9687 

950 
y = 0.007x – 0.0551 

R2 = 0.9302 
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Figure 9.18. Unreacted core model: chemical controls versus time and temperature for 1 wt.% 
paint sludge, 0 wt.% bentonite, and 3 wt.% limestone pellets. 

 

 

 

Table 9.11. Equations and R-squared values for trendlines in Figure 80. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.0054x + 0.004 

R2 = 0.9987 

900 
y = 0.0067x – 0.0505 

R2 = 0.9955 

950 
y = 0.005x + 0.0425  

R2 = 0.955 
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Figure 9.19. Unreacted core model: chemical controls versus time and temperature for 1 wt.% 
paint sludge, 1 wt.% bentonite, and 3 wt.% limestone pellets. 

 

 

 

Table 9.12. Equations and R-squared values for trendlines in Figure 81. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.002x + 0.0791 

R2 = 0.9751 

900 
y = 0.0035x – 0.0007  

R2 = 0.9964 

950 
y = 0.0037x + 0.0151 

R2 = 0.9769 
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Figure 9.20. Unreacted core model: ash diffusion controls versus time and temperature for 1 
wt.% paint sludge, 0 wt.% bentonite, and 3 wt.% limestone pellets. 

 

 

 

Table 9.13. Equations and R-squared values for trendlines in Figure 82. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.0072x – 0.1637  

R2 = 0.9911 

900 
y = 0.0088x – 0.2225   

R2 = 0.9921 

950 
y = 0.0067x – 0.1082  

R2 = 0.9615 
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Figure 9.21. Unreacted core model: ash diffusion controls versus time and temperature for 0 
wt.% paint sludge, 1 wt.% bentonite, and 0 wt.% limestone pellets. 

 

 

 

Table 9.14. Equations and R-squared values for trendlines in Figure 83. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.0015x – 0.0209  

R2 = 0.9803 

900 
y = 0.002x – 0.0507  

R2 = 0.9877 

950 
y = 0.0024x – 0.0512   

R2 = 0.9583 
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Figure 9.22. Unreacted core model: ash diffusion controls versus time and temperature for 1 
wt.% paint sludge, 1 wt.% bentonite, and 3 wt.% limestone pellets. 

 

 

 

Table 9.15. Equations and R-squared values for trendlines in Figure 84. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.0021x – 0.0139  

R2 = 0.9799 

900 
y = 0.004x – 0.1089  

R2 = 0.97 

950 
y = 0.0045x – 0.1147   

R2 = 0.9475 
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Figure 9.23. Unreacted core model: ash diffusion controls versus time and temperature for 0.5 
wt.% paint sludge, 0.5 wt.% bentonite, and 1.5 wt.% limestone pellets. 

 

 

 

Table 9.16. Equations and R-squared values for trendlines in Figure 85. 

Temperature (Celsius) Trendline Equation and R2 

850 
y = 0.0035x – 0.0247 

R2 = 0.8568 

900 
y = 0.0044x – 0.0156   

R2 = 0.9548 

950 
y = 0.009x – 0.2273 

R2 = 0.9329 
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Figure 9.24. Half-Normal Plot for CCS results. 
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Figure 9.25. Pareto chart for CCS results. 
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Figure 9.26. ANOVA and fit statistics result for CCS. 

 

The ANOVA and fit statistics results shown in Figure  9.26 display how well the factors 

significantly affect the model.  As shown, the model F-value of 11.53 implies the model is 

significant because the p-values for each factor are less than 0.0500.  The temperature, paint 

sludge addition, bentonite addition and time factors have p-values less than 0.0500, indicating 

their significance in the model and their effect on the cold crushing strength.  

 The plots shown in Figure 9.27, Figure 9.28, and Figure 9.29 are more information to 

back up how well the model fits.   
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Figure 9.27. Normal Plot of Residuals for CCS results. 

 

 

Figure 9.28. Residuals vs. Predicted plot for CCS results. 
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Figure 9.27 shows a normal plot of residuals for cold crushing strength values.  A plot 

with points distributed along the red line are desired. The residuals vs. predicted plot (Figure 

9.28) is a graph that measures the constant variance of the results.  Plots that show a random 

scattering across the graph are desired.  

The residuals versus run plot (Figure 9.29) is another example of variance and the data 

should also be randomly scattered.  The Box-Cox plot for power transforms (Figure 9.30) 

evaluates if a different transformation equation is needed to better fit the data.  To the left of the 

plot, we see there is no recommendation for a different transformation.  

Finally, the interaction plots shown in Figure 9.31, indicate that the effect of temperature 

depends on the paint sludge addition presented in weight percent.  The lines should not be 

parallel, which means they will intercept to identify a significant interaction.  This graph also 

changes if bentonite, limestone and time are increased.  

Figure 9.32 displays the desired design points for optimizing the cold crushing strength in 

the pellets. The desired design points are indurating the pellets at 1010°C for 60 minutes with the 

pellet type of 0.5 wt.% paint sludge, 0.5 wt.% bentonite and 1.5 wt.% limestone.  

9.4.2 Drop Test Data 

The Half-Normal plots shows how significant certain factors are in affecting the drop test 

number of pellets made from batch 1.  The standardized effect, shown along the x-axis, displays 

the numerical value of significant of the factor, with the largest effect at the right-most part of the 

plot.  In Figure , the more significant factor is temperature in affecting the drop number of the 

pellets.  The other factor chosen is time to see if they pass the Bonferroni limit in the Pareto chart 

in Figure .  The Pareto chart shows that only the temperature and time are the most significant 

factors for changes in drop test numbers. 
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Figure 9.29. Residuals vs. Run for CCS results of batch 1 pellets. 
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Figure 9.30. Box-Cox Plot for Power Transforms for CCS results. 
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Figure 9.31. Interaction plot for CCS results. 
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Figure 9.32. 3D surface plot for CCS results. 
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Figure 9.33. Half-Normal Plot for Drop Test results. 
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Figure 9.34. Pareto Chart for Drop Test results. 
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Figure 9.35. ANOVA and fit statistics result for Drop Test results. 

 

The ANOVA and fit statistics results shown in Figure 9.35 display how well the factors 

significantly affect the model.  As shown, the model F-value of 20.45 implies the model is 

significant because the p-values for each factor are less than 0.0500.  The temperature and time 

have p-values less than 0.0500, indicating their significance in the model and their effect on the 

drop test numbers.  

The plots shown in Figure 9.37, Figure 9.38, and Figure 9.38 are more information to 

back up how well the model fits.   
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Figure 9.36. Normal Plot of Residuals for Drop Test results. 

 

 

z 

Figure 9.37. Residuals vs. Predicted plot for Drop Test results. 
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Figure 9.38 shows a normal plot of residuals for drop number values.  A plot with points 

distributed along the red line are desired.  The residuals versus predicted plot (Figure 9.37) is a 

graph that measures the constant variance of the results.  Plots that show a random scattering 

across the graph are desired.  

 

 

Figure 9.38. Box-Cox Plot for Power Transforms for Drop Test results. 

 

The Box-Cox plot for power transforms evaluates if a different transformation equation is 

needed to better fit the data.  To the left of the plot, we see there is no recommendation for a 

different transformation.  
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Figure 9.39. 3D Surface plot for drop test results. 

 

Figure 9.39 displays the desired design points for optimizing the drop test number in the 

pellets. The desired design points are indurating the pellets at 1010°C for 60 minutes with the 

pellet type of 0.5 wt.% paint sludge, 0.5 wt.% bentonite and 1.5 wt.% limestone.  This surface 

plot also shows how with a higher induration temperature, the drop test number also increases.  

This figure encapsulates how the major factors (paint sludge weight percentage and temperature) 

affect the drop test number response.   

9.5 Abaqus Modelling Results 

 

 This section discusses the Abaqus modelling results for simulating a compression test of 

a pellet.  A pellet of 9 mm is designed and placed between two steel plates.  The pellet was 
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assembled with contact between the bottom surface of the top plate and the top surface of the 

bottom plate.  Both parts were chosen as axisymmetric and a 2D shape was chosen for faster 

computational time. 

 

Figure 9.40. Meshed pellet and plates. 

 

 The friction between the interaction of the pellet and the plates was neglected.  To 

compare to the compression testing done in the laboratory, the bottom plate was pinned, and the 

top plate was displaced to provide the compressive force against the pellet.  As shown in Figure 

9.40, it is shown that the bottom surface of the bottom plate is pinned, while the top surface of 

the top plate has arrows pointing downward representing the displacement force on top of the 

pellet.  

Figure 9.41 and Figure 9.42 show the maximum principal stress resulting from the 

displacement load applied to the pellet from the top plate.   
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Figure 9.41. Arrows on image depict direction and movement. 

 

 

Figure 9.42. Maximum principal stress resulting from displacement load (meshed). 
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Figure 9.43. Maximum principal stress resulting from displacement load. 

 

 

 

Figure 9.44. Maximum principal stress at the start of the applied displacement load. 
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Figure 9.45. Maximum principal stress at the end of the applied displacement load. 

 

The sections on the pellet that are colored black display the compressive force applied, 

while the highest point of stress is shown to emit from the middle of the pellet.  This compares to 

what occurs during a laboratory compression test, where the pellet fractures from the inside out.  

Figure 9.43 and Figure 9.44 show how the maximum principal stress develops as the 

displacement load is applied continuously.  

For this compression test analysis, the density and Young’s modulus values for hematite 

were taken from literature, along with the density and Young’s modulus for steel.  A percent 

average of the density and Young’s modulus of titanium dioxide was taken to in account due to 

the additions of paint sludge material.  However, this needs to be future analyzed for a more 

accurate representation of powders versus minerals.  

 In all, the Abaqus/CAE modeling work conducted would provide initial work on 

modeling compression work for analyzing different pellet combinations in the future.  As for this 
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investigation, the Abaqus modeling shows where the maximum principal stress is applied on the 

pellet during compression and where a crack may develop for failure analysis.  When the pellets 

were subjected to compression in the laboratory, the pellets would crack from the center of the 

pellet and upon further compression, would propagate outward to full fracture of the pellet.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 158 

CHAPTER 10 

ECONOMIC CONSIDERATIONS 
 

 This chapter discusses some economic considerations that can be applied when 

substituting the bentonite completely or partially in the pelletization process with automotive 

paint sludge.  The amount of money saved by partially or completely displacing bentonite can be 

quantified, but it is also important to consider and qualify the downstream costs saved.  

 Firstly, it is worth noting that there is no pelletizing plant that currently used automotive 

paint sludge as a binder in making iron ore pellets for iron and steelmaking.  Many pelletizing 

plants are in close proximity to the steel plants that consume those pellets.  If the use of paint 

sludge were to be incorporated into the production of iron ore pellets, there are a few options that 

should be considered: should a pelletizing plant be built near automotive paint shops for quick 

conversion into iron ore pellets, or would it be more economically beneficial to ship the paint 

sludge material from the paint shop to a pelletizing plant?  Building a pelletizing plant near a 

paint shop is a large endeavor and includes major operating and capital costs and would also 

include large transportation costs of shipping the iron ore pellets with paint sludge binder from 

the pelletizing plant to the steel plant.  On the other hand, shipping the paint sludge material 

directly from the paint shop to a current pelletizing plant would incur significant transportation 

costs because the paint sludge material is wet and may need to travel long distances.  

 Secondly, the amount of paint sludge used to substitute the bentonite binder might 

significantly reduce the cost of producing pellets because less bentonite clay would need to be 

used.  As seen in Table , the amount if TiO2, Al2O3, and SiO2 is 51.02 wt.%, 9.54 wt.%, and 6.90 

wt.%, respectively, for batch 1, while batch 2 contains 48.05 wt.% TiO2, 10.54 wt.% Al2O3, and 

8.94 wt.% SiO2.  The bentonite that was used in this study contained 0.25 wt.% TiO2, 70.01 
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wt.% SiO2, and 14.13 wt.% Al2O3 as seen in Table .  Reduction in bentonite costs can be shown 

with the following example.  If the goal were to produce 1,000 tonnes of iron ore pellets, one 

would need 100,000 kilograms of bentonite, 100,000 kilograms of limestone and 800,000 

kilograms of magnetite ore.  With the cost of bentonite being about $0.025 per pound, the 

associated bentonite cost of producing 1,000 tonnes of pellets is $5,500.  By displacing the 

bentonite completely, $5,500 would be instantly saved.  Also, the pellets would have a different 

composition as shown below in Table 10.1. 

 

Table 10.1. Pellet compositions with complete or partial bentonite displaced. 

Pellet Composition TiO2 wt.% Al2O3 wt.% SiO2 wt.% 

0PS-1B-3LS 0.0025 0.1413 0.7001 

1PS-0B-3LS (Batch 1) 0.5102 0.0954 0.0694 

1PS-0B-3LS (Batch 2) 0.4805 0.1054 0.0894 

0.5PS-0.5B-1.5 (Batch 1) 0.256 0.1187 0.3845 

0.5PS-0.5B-1.5 (Batch 2) 0.2416 0.1234 0.3948 

 

By partially displacing the bentonite, shown in the pellet compositions 

0.5PS_0.5B_1.5LS for both batch 1 and 2, the SiO2 weight percentage decreases from 0.70 wt.% 

to 0.3845 wt.% and 0.3948 wt.%, respectively.  If the bentonite were to be completely displaced, 

as shown in the pellet compositions 1PS_0B_3LS for batch 1 and 2, the SiO2 weight percentage 

decreases from 0.70 wt.% to 0.0694 wt.% and 0.0894 wt.%, respectively. Currently, bentonite 

costs $0.025/lb, a cost that would be substantially lowered or eliminated with partial or complete 

paint sludge substitution.  This change in binder material also have significant implications for 

energy costs downstream.  A 1% reduction in silica can reduce energy and flux costs by 2.50 

USD.   



 160 

It is also worth noting that, the cost to dispose of paint sludge material to either a landfill 

or incinerator is between 305 – 366 USD/tonne [103].  This amount would be saved completely 

by the automotive company if they choose to process the paint sludge as an iron ore pellet 

binder.   

Also, as mentioned before, it is in the interest of the automotive company to get rid of 

their hazardous paint sludge material for their own environmental and economic reasons.  Based 

on the data by the USGS, iron ore pelletizing plants in the U.S.A used about 530,000 metric tons 

of bentonite in 2003.  And individual plants spend about 3–5 million USD per year on bentonite 

[104].  
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CHAPTER 11  

CONCLUSIONS AND FUTURE RECOMMENDATIONS 
 

 The goal of this research project was to investigate the effectiveness of using waterborne 

automotive paint sludge as a binder for making iron ore pellets.  The typical binder used for iron 

ore pellets is bentonite clay, however, due to the high costs and low availability, alternatives to 

bentonite clay have been researched for years.  Bentonite clay provides the iron ore pellets with 

an increase in silica and alumina, which are considered detrimental in the downstream 

ironmaking process.  Too much silica and alumina increase the acidity of the slag while it is 

being processed in a blast furnace.  Increased slag acidity increases the viscosity of the slag and 

the difficultly in tapping the slag.  This is not a superficial issue that can be easily solved since 

the operations of a blast furnace cannot be turned on and off easily.  In addition to the issues 

associated with the blast furnace, DRI pellets should also not contain high concentrations of 

silica or alumina because there is not a lot of room of impurities or to resolve the impurities 

within the DRI process.   

Many of the alternatives investigated seek to eliminate or limit the silica and alumina.  

Organic materials, such as polymers, have been intensely studied as an alternative binder to 

bentonite clay because their long chains can hold together the pellets similar to bentonite.  

Because they are organic material, they may also add heat to the BF or DRI process, aiding in the 

energy costs.  However, organic materials are very expensive, and, in many cases, the cost 

associated with creating an organic binder for the amount of pellets used cannot be justified.  

This is precisely why automotive paint sludge should be considered in a technical and 

economical alternative binder.  It not only contains a substantial amount of organic material, 
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including polymers, and low amount of silica and alumina, but is also economically favorable for 

automotive companies.   

 Recycling of automotive paint sludge is an important topic of late because many 

automotive companies are trying to reduce their waste in landfills.  The paint sludge consists of 

organic and inorganic material, in this case, mostly titanium dioxide with significantly lower 

percentages of silica and alumina compared to bentonite.  To test how well the paint sludge 

could substitute as a binder compared to bentonite, iron ore pellets were made of typical 

industrial standard with and without bentonite.  These pellets were subject to a crushing strength 

test, a drop test, determination of apparent porosity and percent reduction.  All these properties 

are considered important for the durability and efficiency of the iron ore pellets.  It was 

determined that iron ore pellets where the bentonite was completely and partially replaced with 

paint sludge materials from two different paint shops, had comparable cold crushing strength 

values above 250 kg/pellet as per industry standards.  In addition to the cold crushing strength 

values, the pellets also withstood multiple drops above 8 drop which is also typical of industry 

standards.  Apparent porosity and percent reduction were also determined to have suitable values 

showing that the paint sludge can replace bentonite as a binder.  

 Finally, the kinetics of gas – solid reactions were looked at to determine what was the 

rate-controlling step of the reduction reaction.  After the data was applied the time-conversion 

expression, it was determined that the reduction reaction mechanism was chemical reaction 

control and possibly a combination of chemical reaction and diffusion through the ash layer.  

This reduction study was also conducted to see if the pellets preformed similarly in typical 

reducing conditions.  Pellets with paint sludge additions seemed to have higher percent 

reductions compared to those without, most likely due to the increased amount of titanium 
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present.  Articles provided in the literature review showed that iron ore pellets with higher values 

of titanium allowed for quicker reduction of the hematite.  

 I believe future work can be done in modeling the mechanical properties of the pellets 

produced with different binders.  Abaqus allows for some simulation of a crushing strength test, 

however, because these pellets are sintered the material data for hematite or magnetite does not 

always accurately compare to a sintered powder.  However, the Abaqus data provided was done 

as a stepping stool for future work in modeling the mechanical properties of iron ore pellets.   

 Incorporating the paint sludge material at a pelletizing plant may also bring certain 

problems depending on how the material is presented: wet or dry.  It should be considered how 

the paint sludge material will be included into a drum pelletizer.  Also, if further processing of 

the material is needed since the paint sludge may have a higher particle size than the ore used.  

Agglomeration of materials works more efficiently for particles of the same or similar particle 

size.  

 In all, automotive paint sludge was shown to be a viable economic and technical option to 

displace bentonite clay.  By utilizing the paint sludge as a binder, automotive companies would 

be saving landfill and incineration costs, as well as promoting a zero-landfill ideology, where 

every byproduct has a purpose.  This may not only help their bottom line but may also support 

their environmentally friendly image to the public.   
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APPENDIX A 

SUPPLEMENTAL INFORMATION  

Table A.1. AMICS Elemental calculations for pellet samples. 

Element 1R 28F 

Iron 81.95 59.78 
Oxygen 12.64 32.40 
Titanium 0.60 1.56 

Aluminum 0.20 0.53 
Silicon 1.91 2.06 
Carbon 0.85 0.83 
Calcium 1.55 2.30 

Potassium 0.01 0.01 
Magnesium 0.30 0.50 
Phosphorous 0.00 0.01 

Hydrogen 0.00 0.00 

 

 

Table A.2. XRF of bentonite sample. 

Oxide Weight % 

SiO2 70.01 
Al2O3 14.13 
Fe2O3 6.49 
CaO 4.05 
K2O 4.01 
SO2 1.12 
TiO2 0.25 
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Figure A.1. Contour plot for drop test response of paint sludge weight percentage vs. 

temperature. 

 

Table A.3. Stat-Ease description of responses in DOE. 
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Table A.4. Stat-Ease description of factors in DOE. 

 

 

 

Figure A.2. Contour plot for drop test response of time versus temperature. 
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Table A.5. Excel calculation of amount of bentonite and paint sludge affect the pellet 
compositions of TiO2, Al2O3, and SiO2. 
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Table A.6. Batch 1 pellets Stat-Ease DOE table of factors and response data. 

 

  

run Temperature (C) Paint Sludge (%) Bentonite (%) Limestone (%) Time (minutes)  CCS Drops dry pellets Drops fired pellets Dry Mass (g) Submerged Mass (g) Suspended Mass (g) Porosity % % reduction

1 1150 10 0 0 90 269 5 12 1.71 1.96 1.4 44.64 68.5

2 1010 5 0.5 1.5 60 268 6 9 1.69 1.82 1.52 43.33 63.2

3 870 0 1 3 90 240 2 5 1.78 1.91 1.61 43.33 47.2

4 1150 0 0 3 90 249 5 7 1.94 2.14 1.7 45.45 76.2

5 870 10 1 3 30 254 4 4 2.91 3.19 2.6 47.46 42.4

6 1150 0 1 3 30 254 7 9 1.66 1.87 1.4 44.68 75.2

7 870 0 0 3 30 210 4 5 2.08 2.2 1.4 15.00 34.6

8 870 10 0 3 90 245 3 7 1.31 1.4 1.2 45.00 51.8

9 1150 0 1 0 90 278 6 10 1.71 1.98 1.3 39.71 75.9

10 870 0 1 0 30 219 1 4 1.76 1.97 1.4 36.84 57.4

11 870 10 1 0 90 253 1 7 2.36 2.6 2.1 48.00 54.7

12 1150 10 1 3 90 284 4 11 2.36 2.59 2.11 47.92 84.7

13 1010 5 0.5 1.5 60 259 5 12 1.58 1.87 1.2 43.28 60.5

14 1010 5 0.5 1.5 60 264 7 10 1.56 1.79 1.3 46.94 64.7

15 1150 0 0 0 30 249 7 7 1.72 1.92 1.51 48.78 75.1

16 1150 10 1 0 30 259 6 11 3.4 3.64 3.1 44.44 75.4

17 870 0 0 0 90 197 2 7 2.07 2.23 1.87 44.44 49.6

18 1150 10 0 3 30 261 6 9 1.34 1.56 1.09 46.81 78.6

19 870 10 0 0 30 219 2 4 1.74 1.89 1.4 30.61 50.4
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Table A.7. Batch 2 pellets Stat-Ease DOE table of factors and response data.

 

 


