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.



kel
Settled solids
height (mm)
14
1 7
12 ® 3 [
| ]
|2 %> s
10 .‘6’ . .|..[ 9
4 o
8
1
6 g 3 a7
‘gl
4 H-. m°
‘ms
2 O -9 10,11
4 | s o-Hd
0
0 10 20 30 40 50

Solids settle over time

Zeta potential mV|

60

70

Settled solids
void fraction

0.85

0.80

0.75

0.70

0.65

0.60

to produce a sludge

Sludge characteristics
- depends on additive

Additives

1-3

4.7

8-11

Role

Coagulants

pH modifiers

Dispersants

63

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 Materials’

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, lowa) 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 CaCl,-2H,O (Fisher-Scientific, ACS grade), MgSOs-
7H,0 (Fisher-Scientific, ACS grade), and NaHCOs (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, 2017¢). See appendix 4, Figure 47, for permission to reuse the material.
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Appendix 2 Methods?

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, 2017¢). 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.

Ore — 5 Ho_n'!ogen s Balling
Starch —  Mixing > Splitting > izing
Water —| .
Bentonite —»| MXiNg > Coating
Coated

green balls

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












105

Appendix 4 Permissions

HEUIE SAHTIAGD - CHILE 30 - 24 Oclabar 2084, Halal Shiorazon, Saatingo, Chlla

1 EM PCEO] .-’1 | EmpL20NAnrg | Impraimpc2BT.ong | 456 2 2652 1528

COPYRIGHT ASSIGNMENT AGREEMENT

This Agreement is made with Gecamin Lida. for the Article submitted by the Awther for publication in the
Intematianal Mineral Processing Congress — IMPC 2014 proceedings and is referred 10 in this Agresment
a5 “Anticle™. The article cannot be published until the signed Agreement is received by Geecamin Lida,

SECTION A: Author's Warranty (Pleass PRINT your detnils)

NAME: o JSEPH & HpT S KOMpe  KawATER..
anpress: DEIT. CHEM ENE. fﬂl{.HlGﬁ-r-l TELHM., [H00. fMNﬁE[‘ﬂ ﬂl,,HithimN M1, 49931,

-!
PHONE NUMBER . s
EMAIL ADDRESS: .

ARTICLE TITLE .M['mgﬁ-ﬂmﬁﬂﬁ.t!..TﬂE._.EGH.ﬂiN.. MELHAN ST ind.. 120N,
.............................. 0RE FBUET  BInnERS oo

NAMES oF:L]] e Auwthaors in the order they appear in the ARTICLE: .,

L JOSERH A HavT S Komer  KAwATER

In consideration for the publication of the Aricle in the Proceedings, [ hereby warrant and underiake:

a. thar this Article is an original work and it is my own;

b, that 1 have obtaimed permiszion from the copyright holder to reproduce in the Article (in all media
including print and electronic form) material not owned by me and that | have acknowledged the
SOUrCE;

c. that this Arlicle contains no violation of any existing copyright or other third party right and that
to the best of my knowledge the Article does not infringe the rights of others;

d. that [ will indemnify and keep indemnified Gecamin Ltda. against all claims and expeises
{including legal cost= and cxpenses) arising from any breach of this wemanty and the other
warranties on ooy behall in this Agresment;

e, dhat in the case of mulii-pethored Article 1 have obiained copyright assipnment from all co-
authors, and authorization to enter into this Agreement on their behall and that all co-authors have
read and agreed o the sbove warranties;

f. that I have obtained publication and disclosure authorization fram the host companies meslioned
in this Articls (eg mining companies where the study was conducted).

SECTION B: Copyright Assignment

In consideration for the publication of the Anicle in the Procecdings, T hereby grant 1o Gecumin Lida.
permission ta publish the Aricle for the full period of copyright and all renewals, extensions, revisions in
any form and n any language {including all media, both now known and loter developed). Gecamin Loda,
may assign 5 rights under this ﬂgrwnent Nol\uﬂ'}slanﬁn\g the above, [ retnin all proprietary rights
including eopyright, pate cezs or procedure described in the Article.

Author: Signed: .
Dater ...

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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for the text describing my materials and procedures reprinted in Appendices 1 and 2.
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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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