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Figure 15 Presence of starch films in unfired pellets. Unfired pellet without starch (top), 
showing discrete particles from the concentrate (Plant F). Unfired pellet with starch 
(bottom), showing an extensive film covering and bonding particles together. 
Photomicrographs first published in XXVII International Minerals Processing Congress, 
Santiago, Chile (Halt and Kawatra, 2014). See Appendix 4, Figure 46, for permission. 
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Figure 22 Effects of coatings on green and dry balls. Coating effects on wet drop number (top) 
and dry compression strength (bottom). Plant A concentrate. 60% cold water solubility corn 
starch. Sodium bentonite clay (SB1) and calcium carbonate (Sigma Aldrich, ACS grade) 
contents were 1.7 kg/t. See Appendix  2 for coating procedure. See Appendix 1 for material 
characterizations. To be submitted as Halt and Kawatra (2017a). 
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The positive correlation between strength and zeta potential remained after the 500 °C thermal 

treatment. We attribute this to better particle packing as void fraction, determined following a 

wax-coating method (see Table 12 in Appendix 2), was 0.29 with coagulants and 0.28 with 

dispersants. These porosity values are similar to typical porosity values in iron ore pellets, due 

the similar solid-to-liquid volume fractions in both systems. In addition, balls prepared with the 

organic polyacrylic acid dispersant retained strength (similar to inorganic sodium 

tripolyphosphate dispersant), even though the organic dispersant significantly combusted by 500 

°C. Following conventional thought, the polyacrylic acid additive should have resulted in 

significantly weaker pellets. 

Abrasion and TGA tests showed starch migrated to sand ball surfaces, similar to hematite ball 

surfaces. This confirms the radial starch distributions presented in section 2.2, but we did not 

study starch distributions any further. 

3.3.4.2 Hematite agglomeration 

We prepared hematite pellets from Plant F concentrate. The concentrate's XRD is seen in Figure 

41, particle size distribution in Figure 42, and chemical composition in Table 9. We modified its 

zeta potential using many types of coagulants, pH modifiers, and dispersants commonly found in 

mineral processing plants. All but one additive were purchased from chemical companies; the 

remaining, a sodium polyphosphate based dispersant, was supplied by the Plant F beneficiation 

plant. A full list of the additives is given in Table 10 (Appendix 1). 

Binders were composed of a low level of starch (0.25 kg/t corn starch of 60% cold water 

solubility, or 0.25 kg/t wheat starch of 54.8% cold water solubility) and 1.0 kg/t coagulant, pH 

modifier, or dispersant (See Table 10). In three cases, the additive was also dosed at 0.25 kg/t.  

Balling, zeta potential measurements and balling feed settling behavior tests are described in 

Appendix 2.  

Figure 30 shows that the additives affected the hematite balling feed’s stability, and thus its 

settling behavior and sludge structure. Coagulants destabilized the balling feed, causing rapid 

settling, clear supernatants (test tube at left, containing aluminum sulfate) and voluminous sludge. 

Dispersants led to very turbid suspensions, even after lengthy settling times (test tube at right, 

containing sodium tripolyphosphate), and dense sludge. Sludge height and void fraction generally 

correlated to zeta potential.  
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Figure 30 Effects of zeta potential on hematite settling behavior.  Suspensions were clear with 
coagulants (top left, hematite plus aluminum sulfate) and turbid with dispersants (top right, 
hematite plus sodium tripolyphosphate). Sludge height and void fraction decreased when the 
balling feed’s zeta potential increased (bottom). Plant F hematite concentrate. After Halt and 
Kawatra (2017c). See Table 10 in Appendix 1 to identify the numbered additives, and Table 7, 
Figure 41 and Figure 42 for iron ore characteristics. See Appendix 2 for experimental 
procedures. 
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Figure 35 Zeta potential effects with a magnetite concentrate. Effects of 1.0 kg/t additives on 
pellet compression strength (top), and effects of 0.5 kg/t additives on mass loss by abrasion 
(bottom). Plant A concentrate. 60% cold water solubility corn starch (0.5 kg/t). See Table 10 in 
Appendix 1 for additive identification. Additive 8 (citric acid) and Additive 9 (polyacrylic acid) 
gave the highest dry strengths and qualitatively smoothest pellets (determined by eye) so were 
tested to see how well they reduced dustiness. To be submitted as Halt and Kawatra (2017b). 
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The tumble, abrasion and chips indices confirm what we saw in the lab: (i) starch binders make 

pellets much more friable than bentonite; (ii) dispersants give better results than coagulants and 

pH modifiers, (iii) strength and abrasion resistance generally follows zeta potential; and (iv) 

adding bentonite to starch significantly reduces friability and dustiness. Thus, we can solve starch 

binder problems with appropriately selected dispersants, or bentonite, and potentially use the low-

silica binders in new ironmaking processes. 

Again, the only complicating factor we found in the pot-grate study was finding the best 

dispersant for magnetite concentrates. Magnetite concentrates are magnetic, so the particles 

magnetically flocculate together. Magnetic flocculation can inhibit the dispersion of the very fine 

particles in the pellet, counteracting the functionality and performance of our selected dispersants. 

Our zeta potential curve for the acid magnetite concentrate (Figure 35) showed the additives 

separated into two distinct regions – an inorganic additive region and an organic additive region. 

This suggests we need to consider factors besides zeta potentials – perhaps we should look at 

steric and electrosteric stabilization, and thus more complicated polymers – to identify the best 

dispersants for magnetite. An example of this approach is in magnetic nanofluids, where 

magnetite nanoparticles are stabilized using high concentrations of oleic acid (Papell, 1965).  
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Chapter 5 Conclusions & Future Works 

New types of pellets, made with new types of low-silica binders, will be needed for non-blast 

furnace ironmaking processes. In this work, we showed three approaches to making low-silica 

binders for iron ore pellets. All three approaches used starch as the base material, which has 

historically led to weak, dusty pellets. The three approaches were:  

(1) Addition of bentonite clay to starch. This is the traditional approach for organic binder 

improvement. This approach worked, but it contaminated pellets with silica.  

(2) Addition of a clay-rich layer to the surfaces of green balls. This is a novel idea. The intent 

of the coating was to mimic the good surface properties of standard bentonite-bonded 

pellets. Beneficially, clay contamination decreases significantly as the layer becomes 

thinner, which is an improvement over traditional methods of clay application. 

(3) Addition of dispersants to starch. This is a novel idea. Dispersants resulted in significantly 

smoother and less friable pellets in laboratory and pot-grate studies.  

In order to develop this work further, researchers could:  

(1) Identify or design better dispersants for magnetite concentrates;  

(2) Optimize the coating composition to reduce both pellet abrasion and clustering in Direct 

Reduction furnaces;  

(3) Design a simple way to add coatings in existing drum-based circuits (re-roll rings can be 

added to discs, but discs are not common in the US);  

(4) Incorporate the starch and dispersant into bead form so it’s easy to use and the binder 

itselft doesn’t generate dust at the plant. 

Furthermore, researchers could study the fundamentals of water chemistry, surface forces, and 

magnetic forces to better show how binders, concentrates and balling water interact to affect ball 

and pellet formation. This knowledge will be more important as balling feeds become finer, and 

process water chemistry more complex, in the future. 
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Appendix 1 Materials7  

Iron ore concentrates and sand 
I made pellets from fluxed hematite (Plant F) and unfluxed magnetite (Plant A), and in a few 

cases, sand (Series F). See Table 7 and Figures 41-42 for their chemical compositions, x-ray 

diffractograms, and particle size distributions. We dry ground the sand to obtain a particle size 

distribution similar to the iron ore concentrates, but did not analyze its chemical composition.  

Clays and clay-substitutes 
We used six clays and clay-alternatives as binders: two sodium bentonites (SB1, SB2), two 

calcium bentonites (CB1, CB2), nepheline syenite (NS) and Class F fly ash (FA). The nepheline 

syenite fines were waste materials from a roofing granule manufacturer, and the fly ash was waste 

from a coal-fired power plant. See Table 8 and Table 9 for their descriptions, and chemical and 

physical characteristics. 

Modified starch 
We used three modified starches as binders: two corn starches from Grain Processing Corporation 

(Muscatine, Iowa) and one wheat starch from Manildra Milling Corporation (Mission, Kansas). 

Their reported cold-water-solubility values were 7.5%, 60%, and 54.8%.  

Additives for zeta potential adjustments 
We used eleven additives during the hematite zeta potential adjustment study. See Table 10 for 

the additives and their common roles in mineral processing. All were purchased commercially 

except for sodium polyphosphate, which was received from an iron ore beneficiation plant (Plant 

F). Three additional additives were used in the magnetite study, they are listed as 12, 13, and 14 

in the table. 

Salt-water 
We prepared a salt-water stock solution (for zeta potential, sedimentation and balling tests) from 

laboratory distilled water and reagent grade CaCl2-2H2O (Fisher-Scientific, ACS grade), MgSO4-

7H2O (Fisher-Scientific, ACS grade), and NaHCO3 (Sigma-Aldrich, ACS grade). See Table 11 

for its composition.  

                                                      
7 Material descriptions were published in Minerals Processing & Extractive Metallurgy Review in the 
articles Halt and Kawatra (2016a, 2017c). See appendix 4, Figure 47, for permission to reuse the material. 
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Appendix 2 Methods8 

Balling 

Iron ore balling 

We received 55 gallons of wet concentrate from the iron ore pellet plant. The concentrate was 

split into 2.5 kg batches by coning, quartering and riffling methods (rotary riffle splitting was not 

used due to the high moisture content). We mixed batches of iron ore concentrate (2 kg, 9% 

moisture) with the desired binder quantity for 5 minutes (250 W Kitchen Aid mixer) on speed 

setting 2, then forced the batches through an 8 mesh screen to remove lumps. Balling immediately 

preceded mixing.  

We made green balls by continually adding fresh feed into a rotating steel drum (46 cm dia., 25 

rpm) and spritzing water as needed, which was determined by eye by watching for the presence 

of a surface sheen (from a surface layer of moisture) on the green balls. Periodically, the entire 

drum contents were removed and screened to ensure only a narrow size range of balls was in the 

drum. Screen sizes used were 8 mesh, 6 mesh, 4 mesh, 3 mesh, 1/4 inch, 3/8 inch, 7/16 inch, and 

1/2 inch. Typically, we made 3 to 4 batches of green balls of size 7/16" x 1/2" in diameter (11.2 

x 12.7 mm) to ensure enough pellets were available for the abrasion tests. 

Sand balling 

When we balled sand instead of iron ore concentrate, we adjusted the solids weight and water 

weight because sand is less dense than iron ore. 1040 g. of sand was required instead of 2 kg, and 

the moisture content was 13.5% by weight instead of 9%. Performing the experiments this way 

ensured that the solids and liquid volume percentages were approximately equivalent in the iron 

ore and sand experiments. 

Balling procedure for layered pellets 

The layered pellet preparation procedure is diagrammed in Figure 43 and a description of the 

procedure follows. We first mixed the desired quantity of starch into the concentrate and then 

split the mixture into four parts by coning and quartering – three were removed from the mixture 

and used to make green ball cores, while bentonite was added to the fourth and used to make the 

outer layer. After mixing the bentonite and one fourth of the feed mixture together for 5 minutes 

                                                      
8 Experimental procedures have been published in Minerals Processing & Extractive Metallurgy Review in 
the articles Halt and Kawatra (2016a, 2017c). See appendix 4, Figure 47, for permission to reuse the text. 
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(see Iron Ore Balling description above), we stored this 'coating' material in a sealed plastic bag 

so it would not dry out. The green ball cores were then prepared in the usual manner (see Iron 

Ore Balling description above) using the three portions containing only starch. When all of the 

core material was consumed (green-balls reached approximately 3/8 x 7/16 inches (9.5 x 11.2 

mm) in diameter by this point), the coating material was added to enlarge green-balls to the correct 

size of 11.2 x 12.7 mm in diameter.  

 

Figure 43 Procedure for the preparation of coated green balls 

Based on this procedure, pellets prepared with 5.0 kg/t bentonite in the coating contained 1.7 kg/t 

bentonite on a whole pellet basis. Similarly, pellets prepared with 1.7 kg/t bentonite in the coating 

contained 0.4 kg/t bentonite on a whole pellet basis.  

Drying 
We gently placed green balls in a large pan, and placed the pan in a Blue-M forced air oven at 

105 °C for 3-24 hrs. 

Iron ore pellet firing 
Before induration, all batches made under the same experimental conditions were mixed together 

by hand. Then, we evenly divided 1300g of dry pellets between two flat crucibles, gently blew 

them off with compressed air from the fume hood air supply to remove loose dust, and heated 

them from room temperature to 500, 1100 or 1250 °C at 10 °C per min. in a Sentrotech ST-1700-

C box furnace. Our heating rate of s10 °C is lower than industry heating rate, but is the highest 

heating rate in this furnace we could obtain in the large capacity furnace need to fire large 
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Appendix 4 Permissions 

 

Figure 46 IMPC copyright agreement pertaining to Figure 15 

Figure 46 shows I retain copyright for Figure 15, previously published in the IMPC conference 

proceedings. The following statement regarding IMPC Congress Proceedings, from the IMPC 

Council, also shows I can republish my work (impc-council.com/congress-proceedings/impc-

congress-proceedings/, accessed 7/30/2017): 

 "Recently Council approved a procedure whereby the copyright for all papers presented 

 at a Congress are held by the author(s) and hence may be submitted for publication after 

 the Congress to any Journal of their choice." 
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Figure 47 Permissions pertaining to Halt and Kawatra (2016a; 2017c). These permissions are 
for the text describing my materials and procedures reprinted in Appendices 1 and 2.  

Figure 47 shows permissions for text reprinted in Appendices 1 and 2, obtained through the 

copyright clearance center. The pages following shows the journal's publishing agreement with 

the highlighted-portion covering the inclusion of work in a dissertation. 
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 PUBLISHING AGREEMENT (Pertaining to pre-published descriptions of materials and 
experimental methods found in Appendices 1 and 2). 
This is an agreement under which you, the author, assign copyright in your article to Informa 
UK Limited registered in England under no. 1072954 trading as Taylor & Francis Group, 
Registered Office: Mortimer House, 37–41 Mortimer Street, London W1T 3JH (hereinafter 
‘Taylor & Francis’) to allow us to publish your article, including abstract, tables, figures, data, 
and supplemental material hosted by us, as the Version of Record (VoR) in the Journal for the 
full period of copyright throughout the world, in all forms and all media, subject to the Terms & 
Conditions below.  
Please read this agreement carefully, complete it, and return a copy to us by email, fax, or hard 
copy immediately, to avoid any delay in the publication of your article.  
Postal address: Taylor & Francis Journals Production, 4 Park Square, Milton Park, Abingdon 
OX14 4RN, UK  
Fax: +44 (0) 207 017 6336 Email: T&Fproduction@tandf.co.uk  
ARTICLE TITLE: (‘Article’)  
AUTHOR(S):  
JOURNAL TITLE: (‘Journal’)  
Please complete and sign below.  
Please tick either box A or box B, BUT NOT BOTH  
A I own copyright, and I am assigning copyright in my article to Taylor & Francis. In the case 
of a multi-authored article, I confirm that I am authorized by my co-authors to make this 
assignment as their agent on their behalf. The co-authors have agreed the priority of the 
assertion of copyright and the order of names in the publication of the article.  
B I am a civil servant or an employee of a Government, Government Agency, International 
Organization, or Commercial Corporation which is granting a non-exclusive licence to publish 
the article and which hereby recognizes Taylor & Francis as the sole licensee for the publication 
of the final, definitive, and citable Version of Record (VoR). In the case of a multi-authored 
article, I confirm that I am authorized by my co-authors to enter into this licence as their agent 
on their behalf. The co-authors have agreed the priority of the assertion of copyright and the 
order of names in the publication of the article.  
If you have ticked B, please indicate which of the statements below apply to you (and your 
co-authors):  
 I am an employee of the UK, Canadian, Australian, or another Commonwealth Realm 
Government, and the Crown retains and asserts copyright.  
 I am a US Government (including NIH) employee and there is no copyright to transfer.  
 I am a contractor of the US Government (includes NIH contractors) under contract number: 
_____  
 I am an employee of the European Commission and copyright is asserted and retained by the 
European Union.  
 I am an employee of the World Bank and copyright is asserted and retained by that entity.  
 I am an employee of the Food & Agricultural Organization and copyright is asserted and 
retained by that entity.  
 I am an employee of a Government, Agency, or International Organization and copyright is 
retained by that entity. Name of entity: ________________________________  
 I am employed and the copyright belongs to my employer (or is a ‘work made for hire’ under 
US law). Name of corporation: _________________________________  
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ASSIGNMENT OF COPYRIGHT  
I hereby assign Taylor & Francis with full title guarantee all rights of copyright and related 
publishing rights in my article, in all forms and all media (whether known at this time or 
developed at any time in the future) throughout the world, in all languages, where our rights 
include but are not limited to the right to translate, create adaptations, extracts, or derivative 
works and to sublicense such rights, for the full term of copyright (including all renewals and 
extensions of that term), to take effect if and when the article is accepted for publication.  
I confirm that I have read and accept the full Terms & Conditions below including my author 
warranties, and have read and agree to comply with the Journal’s policies on peer review and 
publishing ethics.  
Signed: …………………………………… Name (Print): 
……………………………………………..  
Position: …………………………………… Date: ……………………………………  
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THIS FORM IS A LEGALLY BINDING DOCUMENT. WE RECOMMEND THAT 
YOU RETAIN A COPY OF IT AND CONSULT A LEGAL ADVISOR IF YOU HAVE 
ANY QUESTIONS.  
ASSIGNMENT OF COPYRIGHT: TERMS & CONDITIONS  
DEFINITION  
1.Your article is defined as comprising (a) your Accepted Manuscript (AM) in its final form; (b) 
the final, definitive, and citable Version of Record (VoR) including the abstract, 
text,bibliography, and all accompanying tables, illustrations, data, and media; and (c) 
anysupplemental material hosted by Taylor & Francis. This assignment and these Terms & 
Conditions constitute the entire agreement and the sole understanding between you and us 
(‘agreement’); no amendment, addendum, or other communication will be taken into account 
when interpreting your and our rights and obligations under this agreement, unless amended by 
a written document signed by both of us.  
 
TAYLOR & FRANCIS’ RESPONSIBILITIES  
2.If deemed acceptable by the Editors of the Journal, we shall prepare and publish your article 
in the Journal. We may post your accepted manuscript in advance of the formalpublication of 
the VoR. We reserve the right to make such editorial changes as may benecessary to make the 
article suitable for publication, or as we reasonably consider necessary to avoid infringing third-
party rights or breaching any laws; and we reserve theright not to proceed with publication for 
whatever reason.  
3.Taylor & Francis will deposit your Accepted Manuscript (AM) to any designated institutional 
repository including PubMedCentral (PMC) with which Taylor & Francis has anarticle deposit 
agreement; see 4 iv (a) below.  
 
RIGHTS RETAINED BY YOU AS AUTHOR  
4.These rights are personal to you, and your co-authors, and cannot be transferred by you to 
anyone else. Without prejudice to your rights as author set out below, you undertake that the 
fully reference-linked VoR will not be published elsewhere without our prior written consent. 
You assert and retain the following rights as author(s):  
i. The right to be identified as the author of your article, whenever and wherever the article is 
published, such rights including moral rights arising under § 77, Copyright, Designs & Patents 
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Act 1988, and, so far as is legally possible, any corresponding rights we may have in any 
territory of the world.  
ii. The right to retain patent rights, trademark rights, or rights to any process, product or 
procedure described in your article.  
iii. The right to post and maintain at any time the Author’s Original Manuscript (AOM; your 
manuscript in its original and unrefereed form; a ‘preprint’).  
iv. The right to post at any time after publication of the VoR your AM (your manuscript in its 
revised after peer review and accepted for publication form; a ‘postprint’) as a digital file on 
your own personal or departmental website, provided that you do not use the VoR published by 
us, and that you include any amendments or deletions or warnings relating to the article issued 
or published by us; and with the acknowledgement: ‘The Version of Record of this manuscript 
has been published and is available in <JOURNAL TITLE> <date of publication> 
http://www.tandfonline.com/ <Article DOI>.’  
a) Please note that embargoes apply with respect to posting the AM to an institutional or subject 
repository. For further information, please see our list of journals with applicable embargo 
periods: PDF | Excel. For the avoidance of doubt, you are not permitted to post the final 
published paper, the VoR published by us, to any site, unless it has been published as Open 
Access on our website.  
b) If, following publication, you or your funder pay an Article Publishing Charge for 
retrospective Open Access publication, you may then opt for one of three licences: CC BY, CC 
BY-NC, or CC BY-NC-ND; if you do not respond, we shall assign a CC BY licence. All rights 
in the article will revert to you as author.  
v. The right to share with colleagues copies of the article in its published form as supplied to 
you by Taylor & Francis as a digital eprint or printed reprint on a non-commercial basis.  
vi. The right to make printed copies of all or part of the article on a non-commercial basis for 
use by you for lecture or classroom purposes provided that such copies are not offered for sale 
or distributed in any systematic way, and provided that acknowledgement to prior publication in 
the Journal is given.  
vii. The right, if the article has been produced within the scope of your employment, for your 
employer to use all or part of the article internally within the institution or company on a non-
commercial basis provided that acknowledgement to prior publication in the Journal is given.  
viii. The right to include the article in a thesis or dissertation that is not to be published 
commercially, provided that acknowledgement to prior publication in the Journal is given.  
ix. The right to present the article at a meeting or conference and to distribute printed copies of 
the article to the delegates attending the meeting provided that this is not for commercial 
purposes and provided that acknowledgement to prior publication in the Journal is given.  
x. The right to use the article in its published form in whole or in part without revision or 
modification in personal compilations, or other publications of your own work, provided that 
acknowledgement to prior publication in the Journal is given.  
xi. The right to expand your article into book-length form for publication provided that 
acknowledgement to prior publication in the Journal is made explicit (see below). Where 
permission is sought to re-use an article in a book chapter or edited collection on a commercial 
basis a fee will be due, payable by the publisher of the new work. Where you as the author of 
the article have had the lead role in the new work (i.e., you are the author of the new work or the 
editor of the edited collection), fees will be waived. Acknowledgement to prior publication in 
the Journal should be made explicit (see below):  
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