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ABSTRACT

The Barro Alto nickel laterite deposit, characterized by three main ore types (West,
East, and Plain), employs a processing plant equipped with two 185 m rotary kilns and
six-in-line rectangular electric arc furnaces. This study investigated the impact of
briquetting of the ferronickel ore, premised on the minimization of fine particles in the
rotary kiln, as well as improving charge permeability in the furnace and overall process
safety. ISO standard tests for iron ore pellets were used to evaluate the physical and

metallurgical properties of briquettes prepared under different conditions.

Briquetting tests were conducted on screened nickel laterite ore (-6.3 mm and -12.5
mm) at moisture contents of 16% and 24% and cured under closed and open
conditions. Results revealed that, at a briquette ore top size of 6.3 mm and 16%
moisture content, the average green briquette compressive strength was 559 N and
the drop number was 19.1; however, an increase in moisture content to 24% had a
detrimental effect on green both briquette compressive strength and vyield. At a
briquette ore top size of -6.3 mm and a 16% moisture content, an average green
briquette yield of 85.2% was reported .Increasing the moisture content proved to have
a detrimental effect on the green briquette yield, with an average green briquette yield
of 67.7% reported at a moisture content of 24%.

Size degradation resulting from reduction indicated that the degree of disintegration of
the briquettes (RDI-0smm) increased with an increase in moisture content for briquette
ore top sizes of -6.3 mm and -12.5 mm. For the -6.3 mm briquette ore top size,

RDI-05mm increased from 1.76% at 16% moisture to 3.33% at 24% moisture content.

The ISO 8371 test method was used to evaluate decrepitation of briquettes on entry
into the rotary kiln. Results indicated that moisture significantly influenced decrepitation
compared with curing conditions. For the —6.3 mm briquette ore top size, the average
decrepitation index was 0.33% at 16% moisture content; this increased to 0.61% at
24% moisture content. For the —12.5 mm briquette ore top size, the decrepitation index
was 2.34% at 16% moisture content and 1.96% at 24% moisture content.
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The degree of reduction was evaluated using the ISO 4695 test method. At 16%
moisture content, the average iron reduction was 33.4% under open and closed curing
conditions for —6.3 mm briquette ore top size and 39.9% for —12.5 mm briquette ore
top size; at 24% moisture content, the average iron reduction was 27.6% for —6.3 mm
briquette ore top size and 36.9% for —12.5 mm briquette ore top size.

A tumble index of 95.5% was reported at 16% moisture content under open curing
conditions at briquette ore top size of -6.3 mm. At briquette ore top size of -12.5 mm
the tumble index dropped significantly to 40.3%. The results indicated that the tumble
index is significantly affected by the particle size distribution, a similar trend was also
observed under closed curing conditions. At 16% moisture content under closed curing
conditions a tumble index of 91.4% was reported at briquette ore top size of -6.3 mm
and 40.7% at briquette ore top size of -12.5 mm

Based on the findings of the test programme, optimal structural integrity and process
stability can be achieved using briquettes produced at an ore top size of —-6.3 mm, with

a moisture content of 16%, and cured under open conditions.

Key words: Nickel laterite ore, Ferronickel, Briquette, Moisture content, Curing

conditions, Physical properties, Metallurgical properties
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1. Introduction
1.1.Barro Alto deposit

Barro Alto mine is wholly owned and operated by Anglo American. The mine is situated in
Goias region of Brazil, which is within close proximity (150 km) of Anglo American’s Codemin
nickel mine. The mine is 18 km from Barro Alto town. Figure 1 shows the geographical
location of Barro Alto. The project is situated in the central western part of Brazil, which is
an area characterized by good infrastructure, with easy access to roads, rail, and power.
The strategic location of this deposit offers several advantages, particularly with respect to

ease of access to the raw material, labour, and power.

The Barro Alto deposit was first discovered in 1960. Exploration work commenced in 1970,
followed by the first feasibility study in 1988 (Anglo-American, 2009). Anglo American
acquired the mineral rights to the deposit in 2002 and the mining operation commenced in
2004. At commencement, the mined ore was fed to the then-existing Codemin plant.
Construction of the plant commenced in 2007, after the project was approved in 2006. A
summary of the project history is graphically presented in Figure 2.

| Barro Alto

Project Distances from Barro Alto

Codemin 150 km
Brasilia 170 km
Anapolis 200 km
! Goiania 230 km

N cthge T3 L7 ")
\ r,l‘.‘ 5 -
e ar il santos 1200k
BEUNVE 157

.4

Figure 1: Geographical location of Barro Alto project (Anglo-American, 2009)
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1960 : Depositdiscovered

1970 : Exploration started

2004: Feasibility study review

1988: Feasibility study 2004 : Mining commences

2002: Mineral rights

2006 : Projectapproved

2007 : Construction started

Figure 2: Summary of project history (Anglo-American, 2009)

The Barro Alto deposit is a nickel laterite ore body that consists of three main ore types that
occur in six different areas, illustrated in the cross-sectional view in Figure 3. The ore types
are classified into three categories based on the Ni and Fe contents and SiO2/MgO ratios
(Ratié et al., 2018).

e Plain type ore: 1.3 mass% Ni; 21 mass% Fe; SiO2/MgO 1.7
e East type ore: 1.6 mass% Ni;15 mass% Fe; SiO2/MgO 1.6
e West type ore: 1.8 mass% Ni; 19 mass% Fe; SiO2/MgO 3.1

EXPLANTATION
I Laterite (overburden)
[_] chaicedony

Mafic Dyke

WTO (West Type Ore)
B €70 (East Type Ore)
] Amphibolite

RC

ET0 —— \no—»

Figure 3: Barro Alto geology (Anglo-American 2009)
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Known nickel deposits in Brazil account for 350 x 10° t ore, with a reported average nickel
grade of 1.50% (Barros de Oliveira et al., 1992). The ore bodies are scattered throughout
the country and are mostly associated with ultramafic complexes (Barros de Oliveira et al.,
1992). In Brazil, there is a greater prevalence of silicate ores over oxidized ores, with the
main nickel-containing minerals being serpentine, smectite, garnierite, and goethite. With
respect to nickel production, Brazil has key resources of 4 x 108 t nickel, all of which is from
lateritic deposits. Only two sulfide deposits are known in the country: Americano do Brasil
and Fortaleza de Minas.

1.2.Nickel ores

Nickel is a hard and ductile metal with high resistance to corrosion and oxidation. In its first
major application in 1820, nickel was used in an alloy of nickel, copper, and zinc called
German silver (Crundwell et al., 2011). It was only in 1857 that nickel had its first major use,
when the United States of America (USA) introduced a one-cent coin that was made of a

copper—nickel alloy.

In 1950, Monypenny observed that nickel was among the most important elements that
improved the properties of high-chromium stainless steels. In the following years, nickel
assumed even greater importance. In 1969 alone, nickel stainless ingot production in the
USA exceeded 1 Mt and the nickel contained in stainless steel was well over 100 000 t
(Bernstein and Peckner, 1977).

There was sharp increase in the use of nickel in the twentieth century, largely driven by
growth in the stainless-steel industry as a result of industrialization and urbanization
programmes of developing nations. The demand for nickel rose from 1.1 Mtin 1999 to 1.3 Mt
in 2009, at an average compound growth rate of 2% per annum. The highest offtake of nickel
was experienced in 2006, when demand reached the order of 1.4 Mt (Anglo American,
2009). Global consumption of nickel by region is presented in Figure 4. Table 1 presents

2021 global nickel consumption by category.
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Figure 4: Global nickel consumption by region (International Nickel Study Group, 2021)

Table 1: Nickel consumption by category (International Nickel Study Group, 2021)

= 01 01 N

1.2.1.Nickel market analysis

The London Metals Exchange (LME) regulates the price of nickel, which is the world centre
for trading of industrial metals. The pricing of ferronickel is derived from the average LME

price of nickel metal. The price of nickel, illustrated in
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Figure 5: Nickel price from 2006 to 2021 (International Nickel Study Group, 2021)

, has increased since 2005. In 2007, a spike in the nickel price was experienced, mainly due
to demand outstripping the supply (Crundwell et al., 2011). In the first quarter of 2011, the
nickel market experienced a shortfall of 33 kt, primarily due to the delay in launching of new
projects: as a consequence of the shortfall, the average nickel price was 5% higher in 2011
than in 2010. The price comparison between 2019 and 2020 is presented in Table 2.
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Figure 5: Nickel price from 2006 to 2021 (International Nickel Study Group, 2021)

Table 2: Nickel price (International Nickel Study Group, 2021)

Nickel ore deposits can be classified into three distinct groups: the sulfides, laterites, and

deep-sea manganese nodules. The primary source of nickel has traditionally been the
sulfide deposits, mainly due to the ease of recovery associated with these deposits. It is
anticipated that 60% of the world’s nickel resources are found as laterites, illustrated in

Figure 6 (International Nickel Study Group, 2021).

Global nickel resources

Sulfides; 40%

Laterites ; 60%

H Sulfides = Laterites

Figure 6: Global nickel resources (International Nickel Study Group, 2021)
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Nickel laterite ore bodies offer the following advantages over sulfides (Li, 1999):

e Larger reserves;

e Superior grade;

e Significantly lower operational costs because sulfide ores bodies occur in hard rock
and are consequently characterized by high mining costs;

e Lower environmental impact (sulfur dioxide emission regulations make production of
nickel from sulfide ore bodies less favourable);

e The advancement of new technologies, aimed at increasing byproduct revenue,

make laterite-based nickel production more economically favourable.

Figure 7 shows past nickel production from sulfide and laterites, and future predictions.
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Figure 7: Historical nickel production and future predictions (Oxley et al., 2016)

1.3.Mineralogy of nickel laterites

Laterite ore bodies originate from mafic and ultramafic igneous rocks. They are associated
with high iron and magnesium contents. Nickel laterite formation involves dissolution of the
original minerals, movement of the elements in solution, and precipitation of some elements

in another location (Li, 1999).

Nickel laterite ore bodies can be classified into five different zones according to their mineral
composition. The thickness of each zone differs, depending on the location. The five

different nickel laterite zones are (Li, 1999):

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

<

e Iron-capping zone: This zone occurs mainly at the top of the nickel laterite deposit.
One of its main characteristics is that it has undergone the greatest degree of
weathering, so most nickel in this zone has already been leached. Owing to the
significantly lower nickel grades, this zone is considered as a discard during the

mining operation.

e Limonite zone: The limonite zone occurs below the iron-capping zone and is
characterized by a high degree of weathering, fine grain size, and low nickel grade.
The mineralogical and chemical composition is uniform throughout the limonite zone,

with goethite being the primary phase that hosts most of the nickel.

e Transition/intermediate zone: This zone occurs between the limonite and saprolite

zones, owing to the relative difficulty in separating the two zones.

e Saprolite zone: The saprolite zone is characterized by nickel-rich mineral phases,
such as serpentine, and has heterogeneous chemical and mineralogical

compositions.

e Bedrock zone: The bedrock zone represents the original rock prior to the start of the

laterization process. The main minerals in the parent rock are serpentine and olivine.

While the chemical and mineralogical compositions of laterites mainly differ due to different
climatic regions in which they occur, laterites can be classified into two main groups:

limonites and serpentine laterites.

Limonitic ore consists mainly of hydrated ferric oxide and quartz, whereas serpentinic ore
consists mainly of hydrated magnesium silicate, in which the magnesium is usually replaced
by iron and nickel (Li, 1999). The most prominent minerals occurring in nickel laterites are

presented in Table 3.
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Table 3: Prominent minerals in nickel laterites (Li, 1999)

(Fe,Al,Ni)OOH
Mn, Fe, Co, Ni oxides

(Ca,Na,K)o.s(Fe3*,Ni,Mg,Al)4(Si,Al)gO20(OH)a4
SiO2 0

(Mg,Fe,Ni)3Si2Os(OH)4 1-10
(Ni,Mg)3Si4O10(OH)2 10-24

(Mg,Fe,Ni)2SiO4 0.25
(Mg,Fe)SiOs 0.25
Mg3Si20s(OH)4 0.25

1.4.Extraction of nickel laterites

Depending on the required final product, nickel laterites can be processed either via hydro-
or pyrometallurgical routes to produce nickel metal. The key processes that have been
adopted over the years for the processing of nickel laterites are presented in Table 4.

Table 4: Nickel laterite processing -Technology advancement (Li, 1999)

Matte smelting of silicate
Reduction roast-ammonia leach of laterite ore
Electric furnace smelting to ferronickel

Pressure leaching of oxide ores with sulfuric acid

Reduction roast and electric furnace smelting

The general nickel production routes from laterites are summarized in Figure 8. Nickel
produced from laterite ore bodies is energy-intensive, so it is critical that pre-reduction be
conducted to yield high-grade ferronickel (Li, 1999). Pre-reduction minimizes the
requirements for refining, thus reducing overall energy requirements. One major
requirement for the pre-reduction stage is to reduce as much of the nickel as possible to
maximize nickel recovery, whilst reducing as little of the iron as possible to obtain a more
valuable high-grade product (Li, 1999).
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Laterite Ore

Hydrometallurgy Pyrometallurgy
ePre-reduction ePressure ePre-reduction oPre-re_duqtion eSmelting in
el eaching leaching o Matte oSmgItlng in electric furnace
smelting electric furnace

Figure 8: Processes for nickel production from laterites (Li, 1999)

1.5.Barro Alto operation

The Barro Alto plant is designed to treat 2.4 Mt of dry ore per annum, with an average
production of 36 kt/a nickel when the plant reaches full production. Over the first five years
of production, the plant is expected to produce 41 kt/a of nickel. Anglo American expects
that the Barro Alto plant at full operation will bring its total nickel production to 61 kt/a, which

excludes nickel production from the Anglo Platinum operations.

The Barro Alto nickel ore reserve and mineral resource statements are presented in Tables
5 and 6, respectively. As of 2022, the reserve statement indicated a total nickel ore reserve
of 42.9 Mt at a grade of 1.29% nickel with a total of 554 kt contained metal. The mineral
resource statement indicated a total of 9.3 Mt of nickel associated with 111 kt nickel metal
at a grade of 1.19%.

On the basis of the mineral resource statement, ore reserve statement, cost per tonne of

metal produced, and its contribution to the group’s overall nickel production, the Barro Alto

deposit is a strategic asset to the Anglo American group.

Table 5: Barro Alto nickel ore reserve statement (Anglo American, 2022)

Tonnes Grade Contained metal
Classification 2022 2021 2021 2022 2022 2021
Nickel Mt Mt % Ni % Ni kt kt
ore Proved 10.2 12.7 1.39 1.40 142 178
reserve
Probable 32.8 35.5 1.26 1.26 413 448
Total 42.9 48.2 1.29 1.30 554 626

10
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Table 6: Barro Alto nickel mineral resource statement (Anglo American, 2022)

Tonnes Grade Contained Metal
Classification 2022 2021 2022 2021 2022 2021
Mt Mt % Ni % Ni kt kt
Measured 2.5 2.5 1.15 1.15 29 29
Nickel Indicated 10 10 1.08 1.08 108 108
Qs'gﬁif,‘; Mﬁﬁé?cr:ti g‘”d 125 125 1.09 1.09 137 137
Inferred (in LOM*) 5.5 5.5 1.33 1.33 73 73
Inferred (ex LOM) 3.8 3.8 100 100 38 38
Total inferred 9.3 9.3 1.19 1.2 111 111

* LOM: Life of mine

The following definitions are provided in accordance with the reserve/resource statements
(Anglo American, 2022):

e Ore reserve: This refers to the part of the measured or indicated resource that can
be economically processed. Ore reserve can be classified into two categories;
namely, proven reserve and probable reserve.

e Proven reserve: This refers to the measured mineral resource that can be
economically mined.

e Probable reserve: This refers to the part of the indicated mineral resource than can
be economically mined.

e Mineral resource: This is the content of the material that is of economic significance.
Mineral resources can be classified into three categories; namely, inferred, indicated,
and measured.

An economically viable project should have 40 kt/a nickel capacity, which requires an 800 kt
nickel deposit with a life of mine (LOM) of 20 years (Dalvi et al., 2004). The Barro Alto
operation meets these requirements, with a 41 kt/a capacity for the first five years, an LOM

of 26 years, and total reserve of 123 Mt.

The Barro Alto process flow sheet is presented in Figure 9. The plant employs the rotary kiln
—electric arc furnace route to process the ore, with two 185 m rotary kilns and two six-in-line
rectangular electrical furnaces. The process is energy-intensive, with an annual electrical
power consumption of 1.4 million MWh. The process is nevertheless profitable, with a capital
intensity of USD 50.1/kg.

11
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The process route begins with size reduction using a sequence of primary, secondary, and
tertiary crushers. The crushed material is stockpiled to create a constant feed to the plant
and to homogenize the feed material. There should be as little variance as possible in the
feed material. A reclaimer is used to feed the material into a dryer. Drying takes place in a
rotating dewatering kiln, which reduces the moisture content to approximately 22%,
depending on the operation. The dried material is screened for top-size control prior to
stockpiling. The dewatered ore is fed to the upper end of the rotating kiln with coal and
recycled pelletized dust from the calcination kiln.

The combined material is treated through calcination kilns to remove any excess moisture,
producing a completely dry and partially reduced ore. Nickel and iron are reduced in electric
arc furnaces and collected as an alloy; MgO, SiO2, and Al203 are collected in the slag.

The four main features of the plant are (Figure 9):
e Dewatering;
e Calcination;
e Electric arc furnace smelting;

e Metal refining.

Studies are currently underway at Anglo American to consider briquetting as an alternative
form of agglomerating the ore. Preliminary indications are that briquetting would offer the
following advantages (Brujin, 2019):

e Increase process safety and stability by reducing gas build-up;

e 3 kt/a increase in nameplate capacity;

e 5% lower plant electricity consumption.
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Figure 9: Barro Alto process flow sheet (Anglo-American, 2009)

1.6.Briquetting

Briquetting as a method of agglomeration of fines generated during the steel and iron-
making process was first discovered in the nineteenth century. The first recorded successful
industrial briquette application was in Finland in 1989. This involved agglomeration of fine
magnetite ore without the use of any binder and with an energy consumption of 5 kWh,
producing 1 t briquettes (Kurunov and Bizhanov, 2018). This was considered a success
because the briquettes were successfully further treated in a blast furnace.

Technological advancement of the briquetting process has been relatively slow. This has
led to other agglomeration techniques, such as sintering and pelletization, becoming
preferred. In comparison with these agglomeration techniques, briquetting offers the
advantage of elimination of the grinding phase (Vining et al., 2017), which lowers overall

energy requirements and could, in turn, increase overall productivity.

Briquetting as an agglomeration method consists of three main technologies: vibro-pressing,
roller pressing, and stiff extrusion (Kurunov and Bizhanov, 2018). Vibro-pressing was first
used in the USA, followed by Russia, for waste processing and agglomeration of fine ore

and concentrates.
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Anglo American’s Barro Alto industrial complex is committed to sustainability-driven
strategic goals, which include a focus on reducing carbon dioxide (CO2) emissions from
existing thermal applications. The viability of using hydrogen as a replacement for fossil fuels
in thermal processes depends on several factors, including the source of hydrogen and local
economic conditions, such as raw material costs, electricity prices, and the prevailing cost

of incumbent fossil fuels (Brosig et al., 2023).

In 2021, Vale initiated load tests on its iron briquette plant at the Turabao Unit in Brazil.
According to Vale, the adoption of briquettes could lead to a substantial reduction in
greenhouse gas emissions, potentially achieving up to a 10% reduction compared with the
traditional blast furnace process. This reduction is attributed to elimination of the carbon-
intensive sintering stage. Additionally, Vale asserted that use of briquettes reduces
emissions of particulates and harmful gases, such as sulfur dioxide (SOx) and nitrogen
oxides (NOx), as well as the need for water in the production process (Vale, 2023).

Anglo American has set a specific target to reduce greenhouse gas emissions by 30% by
2030 (Anglo-American, 2022). Given the positive findings from Vale's research, it is
conceivable that utilization of briquettes could be instrumental in helping Anglo American

achieve its greenhouse gas reduction goals.

1.6.1.Binderless agglomeration

The mechanism of binderless agglomeration is primarily due to application of excessive
pressure on the solid particles, which causes the formation of common surface areas
between the individual grains, thus minimizing the voids. Individual grains are held together
by van der Waals forces (Koerner and MacDougall, 1983). Van der Waals forces are,
however, typically weak, requiring that the surface area between individual particles be
considerable to produce briquettes of sufficient strength.

Binderless compaction relies primarily on machine roll pressure to ensure that a uniform
surface area is formed between individual grains. Coarse particles would require
substantially greater pressure than compaction of fine particles. Whilst fine particles require
substantially less pressure to compact without a binder, this can give rise to degassing
difficulties (Koerner and MacDougall, 1983).
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An optimum particle size thus exists between the relative proportions of fine and coarse
particles in a sample to allow fine particles to fill the interstices and minimize the crushing
energy/force required for the coarse particles. Binderless compaction is limited to certain
material types: compaction of elastic and hard brittle material is often impractical.

1.6.2.Agglomeration with a binder

A binder is any material that facilitates cohesion of particles. In view of this definition, binders

may be classified into the following generic categories (Koerner and MacDougall, 1983):

Matrix binders: These types of binders promote the formation of a continuous matrix
between particles. Asphalt is a typical matrix binder.

Film binders: These types of binders originate from solutions. A water solution of starch is a
typical example of a film binder.

Chemical binders: As the name suggests, chemical binders depend on a chemical reaction
to be effective, either between solid particles and the binder or between binder components.
Lubricant binders: The mechanism of lubricant binders relies on reduction of interparticulate
consolidation friction. Lubricant binders may either be solids or liquids, examples of which

include oil, water, starch, and talc.

The choice of binder is largely dependent on process economics; however, in general, the
selection of the most suitable binder is determined by optimum particle size, temperature,
and mixing (Koerner and MacDougall, 1983).

1.7.Hypothesis

The hypothesis for this study is as follows:

Briquettes of comparable physical and metallurgical properties to those obtained
at Anglo American (Value-in-Use) pilot-plant campaign programme can be
produced from Barro Alto ferronickel ore plant feed screened at -6.3 mm and

-12.5 mm at ore moisture contents of 16% and 24%.
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1.7.1.Research objectives
The following objectives were identified for the study:

e Evaluate the effect of particle size distribution (PSD) on performance of briquettes;

e Evaluate the effect of moisture content on performance of briquettes;

e Evaluate the effect of curing conditions on performance of briquettes;

e Using the results obtained, determine optimum conditions with respect to briquette

production and performance.

Evaluation of the briquette performance was based on the following International Standards

Organisation (ISO) tests:

e Crushing strength (1ISO-4700);

e Tumble strength and abrasion index (1ISO-3271);
e Decrepitation index (ISO-8371);

¢ Reduction disintegration index (ISO-4696-1);

e Rotary kiln simulation using a Linder furnace (Non-standard test).

It was envisaged that the outcomes of these tests would yield better understanding of
briquette performance, particularly in relation to moisture content, PSD, and curing
conditions. Furthermore, it was suggested that production of briquettes would improve
charge permeability of the electric arc furnaces, thereby improving process safety, stability,

and overall metal extraction.

1.8.Thesis organization
This thesis is structured into five key areas according to the following chapters:

Chapter 2: This chapter presents the literature study. The literature study includes various
agglomeration methods and briquetting technologies. Process parameters, which affect the
guality of briquettes, are discussed. These include briquetting pressure, machine roll speed,
curing methods, PSD, and the effect of moisture content. Mineralogy of nickel laterite ores

is also discussed.

Chapter 3: This chapter presents the experimental methodology. The principle of Design of
Experiments (DoE) was adopted and is discussed in detail, including the briquette test
programme and experimental design. A stepwise methodological approach to briquette
production is presented.
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Chapter 4: This chapter focuses on the exoperiments that were conducted in the study.

Chapter 5: This chapter focuses on findings from the study. Results discussed include ore
feed characterization and PSD analysis. Results obtained from the ISO tests are presented
and discussed. These include compressive strength, tumble index (TI), abrasion index (Al),
reducibility index (RI), decrepitation index (Dl), reduction disintegration index (RDI), and

Linder furnace tests.
Chapter 6: This chapter draws conclusions on findings from the test programme. Optimum
briquetting conditions are presented. Results from the optimum conditions are compared

with those obtained from the Anglo American (Value-In-Use) pilot-plant programme.

Chapter 7: This chapter discusses future work.
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2. Literature review
2.1.Agglomeration methods

The modern economy requires that waste generation be minimized in every production
process, whenever possible. This requires retreatment of production ‘waste’ from one
operation to the next to avoid any waste being rejected from the production process. Waste-
free operations are those wherein the production waste generated from one process can be
used in other subsequent processes. The food, chemical, timber, and mining industries
generate considerable amounts of fine waste material: rational economic use of such

material requires pressing/compaction and briquetting.

In ferroalloy applications, a significant amount of dust is generated in gas cleaning of
furnaces. Dust emissions from ferroalloy furnaces occur at a rate of 8—-30 kg/t of ferroalloy
(Kurunov and Bizhanov, 2018). In the production of silicomanganese, the dust contains
21.0-34.3 mass% manganese oxide, while that from ferromanganese production contains
30-35 mass% manganese oxide (Kurunov and Bizhanov, 2018).

The use of fines without any prior agglomeration as feed into an electric arc furnace would
adversely affect furnace performance, leading to lower productivity, decreased charge
permeability, and reduced metal extraction. The combined effects of large quantities of fines
generated in the processing of ferroalloys and depletion of high-grade ores are key drivers
for the need for prior agglomeration. Four methods have been established for the
agglomeration of iron ore fines: sintering, pelletizing, nodulizing, and briquetting (Eisele and
Kawatra, 2003).

2.1.1.Sintering

In the sintering process, iron-containing fines are combined with a solid fuel and their
combination is ignited on a travelling grate. The burning fuel increases the temperature of
the bed to 1300-1480°C, which sinters the fines into a porous material suitable for use in a
blast furnace (Eisele and Kawatra, 2003). Bonding between the particles is caused by partial

melting and recrystallization.

2.1.2.Pelletizing

Pelletizing has widely been used to produce iron pellets that exhibit properties required for
feed into a blast furnace. In the production of pellets, fine ore particles are mixed with a

binder and balled using a pelletizing disc to form green pellets.
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To produce pellets with high physical strength and the metallurgical characteristics required
for handling and transportation, the green pellets are heated at elevated temperature (1000—
1300°C (Nheta et al., 2018). According to Eisele and Kawatra (2003), production of pellets
requires a suitable binder, sufficient moisture, and a fine PSD to allow particles to pelletize.

2.1.3.Nodulizing

In the nodulizing process, fine ore particles are fed to a rotary kiln and heated to
temperatures just below their melting point. The charge is tumbled in the kiln, which causes
nodules to form. The nodules are bonded together by the liquefied part of the partially melted
fines. Advantages of nodulizing are that it has high tolerance limits with regards to feed

moisture content and PSD, and yields high-strength nodules (Eisele and Kawatra, 2003).

2.1.4.Briquetting

Briquetting ranks amongst the oldest forms of agglomeration methods. It involves
compression of finely divided material under pressure, sometimes using binders to enhance
the agglomeration. During the briquetting process, fines are pressed into lumps of regular

shapes using either rolls, extruders, or punches (Eisele and Kawatra, 2003).

Pressing refers to the mutual displacement of particles, followed by their packing under the
influence of an external load that is equivalent to or greater than the load at the limit of
plasticity of the material (Drzymala, 1993). In the pressing of an elastoplastic material, an
increase in the pressing force/pressure is associated with an increase in the durability of the
bonds between particles, as a result, the overall strength of the briquette increases. For an
elasto-brittle material, an increase in the pressing force/pressure may lead to breakage at
the materials’ point of contact and hence a reduction in the overall compressive strength of

the briquette.
2.2.Briquetting technologies

2.2.1.Vibro-pressing briquetting

Vibro-pressing briquetting technology was first introduced in 1970. In its first application, this
technology was used for agglomeration of agricultural raw material (Kurunov and Bizhanov,
2018). Vibro-pressing produces briquettes at relatively low pressures, in the region of 0.02—
0.1 MPa, and a frequency of 30-70 Hz.
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Typical vibro-pressing briquetting equipment has a maximum capacity of 30 t/h of briquettes
(Kurunov and Bizhanov, 2018). This technology produces briquettes with relatively low

mechanical strength. Such briquettes are not transportable via conveyor belts.

2.2.2.Extrusion briquetting

Extrusion as a method of agglomerating iron ore fines was first practised in the 1950s. In its
first application, a hydrated mixture of iron ore fines and bentonite was placed in a chamber
and then extruded through a die, producing cylindrical briquettes (Kurunov and Bizhanov,
2018). Extrusion briquetting is mainly used to produce dense, spherical agglomerates with
good integrity. The largest particle size achieved by this technology is 5 mm. The process

involves four main steps (Kurunov and Bizhanov, 2018):

e Mixing particles with a liquid binder, in a process referred to as granulation.

e Compaction of the mixture at a density close to the saturation density of the ore and
binder mixture, which allows for release of entrapped air. This is the extrusion stage.

e Breaking down of the extrudate into smaller rods, which are rounded on a horizontal
rotating friction plate.

e Drying of the pellets.

Extrusion devices can be classified based on their feeding mechanism into either ram
feeding or gravity feeding. The type of extruder will generally affect the quality of the formed
pellets/granules. High-pressure frontal extruders produce high-density hard pellets, whilst
radial extruders yield moderate-density pellets, and dome extruders produce the lowest
density pellets. The primary advantage of extrusion as method of briquetting in comparison
with roller pressing and vibro-pressing is that it offers better quality pellets, reduced binder

consumption, and the ability to agglomerate wet materials (Kurunov and Bizhanov, 2018).

The main criteria for determining whether a material is amenable to extrusion is its plasticity,
which is a characteristic that ensures that the material can be successfully pushed through
the holes in the die.

2.2.3.Roller-press briquetting

At inception, roller-press technology was primarily used for briquetting of fine iron ore
particles and metallurgical waste. In general, roll-press briquetting is limited to pillow- or egg-
shaped agglomerates/briquettes.
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Spherically shaped briquettes are not possible with this type of machine because this would
require a hemispherical pocket, which would encourage sticking. A roller-press briquetting
machine consists of two pairs of rollers and an outer steel cover. Particles pass through the
gap between the two rotating rollers under either gravity feed or screw feeding. Roller
feeding mechanisms are illustrated in Figure 10. The feeding mechanism is an important
aspect in the briquetting process: it is required to achieve uniform and continuous flow of
material, so as to fill the nip between the rollers so that briquettes formed are homogenous
(Kleinebudde, P. and Knop, K. 2007).

According to Johanson’s theory, it is generally accepted that there are three distinct regions
of material behaviour in roller-press briquetting, as illustrated in Figure 11: the slip, nip, and
release regions (Souihi, 2014). Particle compaction takes place near the region
characterized by minimal gap width between the rollers (Souihi, 2014). The particles first go
through the slip region, which is characterized by particles slipping at the surface of the
rollers. The behaviour of a material in the slip region depends on the wall friction and inter-
particle friction of the feed powder (Kleinebudde, P. and Knop, K. 2007). The nip region
begins at the roll angle a (nip angle), when the wall velocity of the particles is equal to the
velocity of the rollers. Particles are drawn into the smallest gap between the rollers, where
they are compressed. With an increase in the nip angle, the maximum pressure applied in
the nip region increases, and the roller gap and roller speed decrease. The release region
begins at a point where the roller gap width begins to increase again. After being released,
the briquetted material may increase in size owing to elastic recovery, which results in larger

strip thickness in comparison with the roller gap.

Roller compaction technology is a continuous process; however, it can also be operated in
batch or semi-batch mode. It offers the following advantages, in comparison to vibro-
pressing and extrusion briquetting (Kleinebudde, P. and Knop, K. 2007):

¢ Production of briquettes of uniform consistency with regards to shape, density, and
size;
e Dust reduction and improved safety by minimising operator exposure;

e Increases bulk density, which facilitates material handling and transportation.

A comparison of the different briquetting technologies is presented in Table 7.
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Figure 11: Roll compaction process, indicating the different zones of material behaviour (Souihi, 2014)

Table 7: Comparison of briquetting technologies (Kurunov and Bizhanov, 2018)

Parameter Briquetting type
Vibro-press Roller-press Extruder

Maximum capacity, t/h 30 50 100
Cement binder content, % 8-10 15-16 3-9
Thermal processing of raw material 80°C (16—20 h) - -
Shape of briquettes Cylinder Pillow Any shape
Dimensions, mm 80 x 80 30 x 40 x 50 5-35
Moisture content of charge, % <5 <10 8-15

ZEMAG 01 roll-press briquetting machine was utilized in this study. This is the same
equipment as used in the pilot-plant campaign tests at Anglo American (Value-In-Use). A

schematic diagram of the ZEMAG-01 is illustrated in Figure 12. The specifications are:

e Roller diameter: 415 mm

e Pressing track width: 140 mm
e Total pressing force: 640 kN
e Roller speed: 4.5-10 rpm

e Driving power: 15 kW

e Number of tamping worms: 1

e Worm speed: 30-120 rpm
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Figure 12: ZEMAG-01 briquetting machine: 1) rolls with bearing, 2) drive, 3) hydraulic system, 4) roll
housing, 5) tamping worm (Weber and Schroder, 2002).

2.3.Process parameters

Several parameters affect the performance and quality of briquettes. These may be grouped
into machine/equipment properties and ore properties. Machine properties include machine
roller speed and roller pressure; ore properties include PSD, moisture content, and curing
conditions (Vining et al., 2017 and Sun et al., 2014).

2.3.1.Briquetting pressure

Pressure application by the briquetting rollers allows for different mechanisms to be
prevalent, depending on the pressure. At elevated pressures, interparticle bonding is more
prevalent (Kaliyan and Morey, 2009). A study of compaction behaviour of oak sawdust
indicated that increasing the pressure increased abrasive resistance, impact resistance, and
compressive strength of the resultant agglomerates (Kaliyan and Morey, 2009). The effect
of briquetting pressure on compressive strength of the resultant agglomerates, as
determined in the above study, is presented in Table 8. Durability and compressive strength
increased with an increase in the forming pressure. At low pressures, contact between
particles is insufficient to result in high compressive strength owing to relatively larger gaps
between the particles. At elevated pressures, gaps between the larger particles are filled by
fine particles, thereby increasing contact area and enhancing the formation of mechanical

interlocking between particles (Sun et al., 2014).
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Table 8: Effect of pressure on quality and strength of densified product (Kaliyan and Morey, 2009)

Feed material Forming pressure, Durability of product, Compressive strength,
MPa % MPa
Oak saw dust 34 Not available 25
69 93.3 28
103 94 45
138 98.3 49
Pine saw dust 34 Not available 25
69 71.2 35
103 91.7 44
138 93.2 45

2.3.2.Machine roll speed

The maximum stress on the briquettes depends on the roller diameter. In general, greater
stresses are produced on larger diameter rollers (larger machines). It is critical that the roller
drive produces constant torque and equal velocity of the two roller shafts to prevent wear of
rollers and shearing forces that might fracture the briquettes (Kleinebudde, P. and Knop, K.
2007).

Vining et al. (2017) studied the effect of machine roller speed on green briquette yield at
different moisture contents for Australian hematite-goethite iron ore fines. The results
indicated that the briquettes produced at a roller speed of 12 rpm were weak and poorly
formed and the yield was low (Vining et al., 2017). It was concluded that optimum roller
speeds of 4.5-10 rpm were sufficient to produce briquettes of satisfactory quality.

2.3.3.Curing conditions

Drying, by definition, refers to the process by which water is removed from a body by
application of heat. Classification of drying can be based on the prevalent method of heat
transfer (radiation, convection, or conduction). The movement of moisture can be slow
during a drying process, because the liquid needs to diffuse through structural obstacles
caused by the molecular configuration (Cardoso et al., 2003). This can, however, be
overcome by application of different drying techniques that employ different heat- and mass-

transfer mechanisms.

The mechanism of drying by evaporation can be separated into three distinct stages: high-
rate stage, falling-rate stage, and low-rate stage (Han and Zhou, 2013). The high-rate stage
is characterised by evaporation at the surface of the body and is primarily limited by
atmospheric conditions (vapour pressure, wind velocity, etc.).
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Qiu and Ben-asher (2010) stated that drying is primarily characterized by adequate supply
of water to the surface and is controlled by the energy available at the surface in the high-
rate stage of evaporative drying. The falling-rate stage only commences once surface
moisture has been depleted. It is characterized by movement of evaporation from the
surface to the sub-surface, resulting in the formation of a dry surface layer. This stage ends
when there is minimal liquid water movement and only a vapour flux through the solid pores
(Qiu and Ben-asher, 2010). Sub-surface evaporation is primarily dependent on properties
of the body that is being dried.

One of the conditions required for continued evaporation from a solid body is that the vapour
pressure in the environment over the evaporating body should remain lower than that at the
surface (Qiu and Ben-asher, 2010). The rate of evaporation of water from a body is directly

proportional to the vapour pressure (Fisher, 2020).

2.3.4.Particle size distribution

PSD is one of the key ore parameters that affects the quality of a formed briquette. The
effect of PSD on compressive strength is illustrated in Figure 13. Compressive strength
increases with an increase in the proportion of material less than 125 pym, i.e., an increase
in compressive strength with a decrease in particle size. Finer particles allow for an
increased contact area between particles. This, in turn, forms stronger bonds between
particles, thereby increasing the compressive strength. Additionally, the distance between
particles is shortened with finer particles, which increases the intensity of the forces between
particles, leading, in turn, to an increase in compressive strength (Sun et al., 2014).

As a result of the forces between particles, force chains are formed in a briquette, the length
of which is dependent on the number of contact forces and particle size. In comparison with
larger particles, finer particles result in longer force chains, which increases the compressive
strength (Sun et al., 2014). Finer particles usually absorb more moisture than larger
particles, thus undergoing a higher degree of conditioning, while larger particles may act as
fissure points that may result in cracks and fracture (Kaliyan and Morey, 2009). Although
fine particles may result in more durable briquettes, fine grinding is undesirable due to a
higher cost of production. A key observation made by Kaliyan and Morey (2009) was that
decreasing the average size of rice husks from 5.14 mm to 4.05 mm increased the durability
of briquettes from 84.1% to 95% at a pressure of 31.2 MPa.
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Figure 13: Effect of particle size on compressive strength of coal at moisture content of 27.51% (Sun
et al., 2014)

2.3.5.Effect of moisture content

2.3.5.1.Compressive strength

Various studies have indicated that the strength of ores is compromised in the presence of
water. Several mechanisms have been proposed to explain this phenomenon, including

(Van Eeckhout et al., 1976) fracture energy reduction and pore water pressure.

Fracture energy reduction: This mechanism has been widely used to describe the effect of
reduction in the compressive strength of the ore with an increase in moisture content. The
Griffiths fracture criteria is used to explain this mechanism, according to Equation 1 (Van
Eeckhout et al., 1976):

6, = V(2Ey/mCy) 1

where o, (Pa) is tensile stress required to cause a crack; E is Young’'s modulus of elasticity;

Y is surface energy; C, one-half initial crack length.

An increase in moisture content has been found to decrease the surface energy due to
physical absorption. A decrease in surface energy leads to a reduction in fracture strength,
so the strength of the ore will also decrease. This phenomenon is referred to as the
Rhebinder effect.
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Pore water pressure: Under conditions of increasing moisture content, if the fluids in a
particle pore are pressurized as the particle is compressed, an outward pressure gradient is
created (Van Eeckhout et al., 1976). This lowers the strength of the ore. The pore pressure
is controlled by the effective stress, which affects the strength of ore with interconnecting

pores.

2.3.5.2.Degree of reduction

The effect of moisture content on the degree of reduction was studied by Murakami et al.
(2009), Larssen and Tangstad (2022), and Li (1999). Murakami et al. (2009) stated that the
specific surface area of an ore increases with an increase in moisture. Ores with higher
moisture content are therefore expected to exhibit a higher degree of reduction. The results
noted, however, a decrease in the degree of reduction for ores with higher moisture content.
Larssen and Tangstad (2022) evaluated the reduction behaviour of Comilog (Gabon) and
Nchawning (South Africa) ores with different moisture contents and stated that ores with
higher moisture content will exhibit a higher concentration of water vapour in industrial
operation. According to Li (1999), the presence of water vapour has a detrimental effect on

metal extraction.

2.4.Binding mechanisms

The mechanisms by which binding of agglomerates occur are discussed by Pietsch( 2008).
These mechanisms are divided into five major groups, as discussed in the following

subsections.

2.4.1.Solid bridges

Solid bridges are prevalent at elevated temperatures and can be formed by sintering,
chemical reaction, or hardening binders (Pietsch, 2008). Figure 14 illustrates the different
mechanisms by which solid bridges may be formed. At points of contact, a solid bridge may
develop owing to diffusion of molecules between particles. Sinter bridges are formed when
the temperature in a system rises above two-thirds of the melting temperature, resulting in
diffusion of atoms or molecules at points of contact. The formation of solid bridges by
chemical reaction of hardening binders is primarily dependent on materials involved and
their properties (Pietsch, 2008).
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(a) Sinter bridge (b) Chemical reaction (c) Liquid bridges
(hardening binders)

Figure 14: lllustration of different solid bridges (Pietsch, 2008)

2.4.2.Interfacial forces and capillary pressure

These mechanisms are common in wet agglomeration applications. Agglomerates are
bonded by liquid bridges at contact points between particles. Capillary pressure and
interfacial forces may create strong bonds in liquid bridges. These bonds may disappear if
the liquid evaporates, and no other mechanism is dominant. Liquid bridges develop either
from free water or capillary condensation, and are a precondition for the formation of solid
bridges (Janwong, 2012). If the pores between patrticles are filled with a liquid and a concave
meniscus develops at the ends of the pore on the surface of the system, a negative capillary
pressure will form in the interior, resulting in agglomeration (Janwong, 2012). The interfacial
forces and capillary pressure mechanisms are illustrated in Figure 15.

(a) ib})

Figure 15: Liquid bridges between particles. (a) Two particles bonded by liquid bridge (b) agglomerates
bonded by capillary pressure (Janwong, 2012)

2.4.3.Attractive forces between solid particles

This mechanism relies on electrostatic, magnetic, or van der Waals forces to cause solid
particles to stick together. The magnitude of the forces between particles is very high at
close distances between particles: with an increase in the interparticle distance, the

magnitude of the forces also decreases (Janwong, 2012).
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The prevalence of this mechanism increases with decreasing particle size. The most
significant binding mechanisms in this category are molecular, electric, and magnetic forces
(Pietsch, 2008).

Figure 16: Attractive forces between solid particles (Pietsch, 2008)
2.4.4.Form-closed bonds (Interlocking)

Interlocking bonds typically occur if the particulate solids have the shape of fibres, threads,
or lamellae that twist and bend about each other or entangle during agglomeration, resulting
in ‘form-closed’ bonds (Pietsch, 2008). Interlocking bonds require that a compression or
shear force must always act on the system to enhance the bonds. The strength of the
agglomerates is a function of the type of interaction and material properties (Janwong,
2012). Interlocking bonds between particles are graphically illustrated in Figure 17.

Figure 17: Interlocking bonds between particles (Pietsch, 2008)
2.4.5.Adhesion and cohesion forces

Adhesion and cohesion forces occur at solid—liquid interfaces in the presence of viscous
binders, such as bitumen, pitch, and tar. Application of such binders results in adhesion
forces at the solid—binder interface and cohesion forces within the viscous material (Pietsch,
2008).
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2.5.Binders and binder systems

Briquetting can be performed either with or without a binder. Binders play a significant role
in the production of briquettes. The quality of the binder directly affects the quality and
performance of the briquette. Binders act with moisture in the ore and ore particles, thus
affecting the capillary forces and viscous forces that bind particles together (Halt and

Kawatra, 2013). Different types of binders are required for different applications.

Selection of an appropriate binder is crucial to the economic and technical feasibility of the
final agglomerate/briquette/pellet. Binders may be categorized on the basis of the dominant
mechanism that induces strength. There are five main grouping of binder systems: inactive
film, chemical film, inactive matrix, chemical matrix, and chemical reaction (Koerner et al.,
1983). Selection of a binder can be affected by several factors, including the required

strength, cost of agglomeration, application, and final product shape.

Some binders undergo changes in their characteristics when heated or cured. A classical
example of this is lignosulfonate: at ambient temperatures, lignosulfonates are hydrophilic;
however, they become irreversibly insoluble on heating to temperatures in excess of 205°C
(Koerner et al., 1983). It follows that a binder needs to be compatible with the end use of the

agglomerate. Different binding systems are discussed below.

2.5.1.Inactive film binding system

This mechanism relies on the surface tension of the liquid, which pulls the particles together.
Water is a typical example of an inactive film binding system, owing to the strength of its
surface tension and its ability to wet particles, thereby acting as a lubricant. This mechanism
requires that each particle is either coated with the binder or is sufficiently wet prior to

agglomeration: thorough mixing prior to agglomeration improves effectiveness of the binder.

2.5.2.Chemical film binding system

Chemical film binders create a thin coating on the particles to be agglomerated. The thin
layer of coating is set by a chemical reaction (Koerner and MacDougall, 1983). A key
advantage of chemical film binders is the relatively short curing period required, resulting in
waterproof agglomerates. Sodium silicate is a typical example of a chemical film binder,
which on application can be set by addition of dilute acid to the fine particles to be
agglomerated.
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2.5.3.Inactive matrix binding system

This binding system requires that the particles be arranged in a continuous matrix with the
binding material. It is the effectiveness of the continuous matrix formed between the particles

and the binder that determines the performance of the agglomerates produced.

2.5.4.Chemical matrix and chemical reaction binding system

This system that relies on a chemical reaction between two binder components (Koerner
and MacDougall, 1983). Lime and molasses are an example of a chemical matrix binding
system. This binder may be used with either agitative agglomeration or briquetting. When
using lime and molasses as a binder, it is important that curing takes place at relatively low
temperature, because the reaction toward calcium sucrose is slowed at elevated

temperatures.

2.6.Mineralogy of laterite ores

Laterite soils are produced as a result of either tropical or subtropical weathering. Three
grades of laterite soils were originally identified on the basis of the silica—alumina
(SiO2/Al203) ratio: ratios less than 1.33 were considered true laterites; between 1.33 and
2.00 were considered to be lateritic soils; ratios greater than 2.00 were considered to be
non-lateritic tropically weathered soils (Gidigasu, 1976). The presence of iron in laterite soll
is of great significance, so a new definition was later proposed that incorporates iron to
define the three different laterite soil grades: (SiO2)/(Al203 + Fe203).

The Barro Alto mine is situated within the Barro Alto complex, forming a 35 km arc extending
from southwest to northeast. Its primary mineral resource consists of saprolite covered by
laterites, which includes sequences of serpentinized dunites and pyroxenes (Bolafios-
Benitez et al., 2021). Ratié et al. (2018) studied the nickel distribution in samples collected
from the Barro Alto complex, and confirmed the presence of serpentine, chlorite, talc,
smectite, goethite, magnetite, and quartz. Selivanov et al. (2020) studied the thermal
properties of nickel laterite ores from the Ural deposit (Russia), and confirmed that the ore
constituted of serpentine minerals (lizardite), talc, and chlorites with impurities that included
chromium-containing spinel and quartz. Rhamdhani et al. (2009) studied the microstructure
and phase characterisation of nickel laterite ore from Yabulu refinery (Queensland,
Australia) and identified the main mineral constituents as goethite (iron oxide), serpentine,
quartz, olivine, magnetite, and chromite. Traces of pyroxenes, gibbsite, diopside, and

forsterite were also observed.
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The mineral groups associated with laterite deposits are discussed in the following sections.

2.6.1.0livine group: forsterite

The (Mg, Fe) olivines form a complete solid solution between forsterite (Mg2SiO4) and fayalite
(Fez2SiOa) (Deer et al., 1966). In iron-rich olivines, there is minimal replacement of (Mg, Fe)
by either Mn or Ca, whilst in Mg-rich olivines, nickel and chromium are commonly present.
Olivines are susceptible to hydrothermal alteration, with serpentization being the most
prevalent form of olivine alteration. The products of Mg-rich olivine alteration include

lizardite, chrystolite, antigorite, brucite, talc, and carbonates.

2.6.2.Pyroxene group: enstatite and diopside

The pyroxene mineral group includes both monoclinic and orthorhombic minerals, and can
be subdivided into three main groups and two minor sub-groups. The main groups are (Deer
et al., 1966):

e Magnesiume-iron rich pyroxene: enstatite, ferrosilite

e Calcium pyroxene: diopside

e Sodium pyroxene: jadeite
Structurally, the chemical formula of the pyroxene may be expressed as M2M1T20s, where
Tis Si, Al; M1 is Al, Cr, Fe3®*, Ti, Fe?*, or Mg; M2 is Ca, Na, Mn, or Fe?*,

2.6.2.1.Enstatite

Enstatite occurs in three distinct structural forms: orthoenstatite, protoenstatite, and
clinoenstatite. The three different polymorphs are stable at different temperatures(Deer et
al., 1966). Protoenstatite is most stable at temperatures between 1000°C and 1300°C: at
1550°C, it decomposes to forsterite and liquid. Protoenstatite melts at temperatures of
1559°C and 101.3 Kpa to form forsterite and liquid in the Mg2SiO4—SiO2 system.

In the MgO-SiO2—H20 system, enstatite crystallizes at temperatures above 700°C and is
stable in the presence of water at temperatures below 900°C (Deer et al., 1966).
Clinoenstatite is the most stable polymorph at temperatures below 566°C. Orthoenstatite is
stable at intermediate temperatures.
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2.6.2.2.Diopside

There is complete solid solution between CaMgSi2Os and CaFeSi2Os in the diopside—
hedenbergite series. Although aluminium is present in the minerals of this series, Si and Al
replacement only occurs up to 10%. Magnesium-rich members of this series are
characterized by high manganese content. Both diopside and hedenbergite are
characterized by the metamorphosis of calcium-rich sediments: diopside is prevalent in the

relatively early stages of the mineral sequence.

2.6.3.Amphibole group: hornblende

Hornblendes exhibit the formula (Na,K)o-1Caz(Mg,Fe?*,Fe3* Al)sSis-7.5Al2-0.5022(0OH)2, and
belong to the amphibole group of minerals. The general formula of amphiboles may be
presented as Ao-1B2CsTsO22(OH,F)2. The predominant cations, which may occupy each
structural site, are (Deer et al., 1966):

e A:NaandK

e B: Na, Ca, Mg, Fe?*, Mn, Li

e C: Mg, Fe?*, Al, Fe3*, Mn, Zn, Cr, Ti, Li

e T:Si, Al

Various authors have studied changes in hornblende on heating. Rosenbusch and Wulfing
(1885) observed that a dark green hornblende turned red when heated and exhibited strong
absorption. Schneider (1891) demonstrated an increase in pleochroism with an increase in
absorption upon heating, and further claimed, based on chemical analysis of the heated
hornblende, that no ferrous iron was present. Hornblendes were heated in carbon dioxide
by Graham (1926), who concluded that the resulting changes (optical properties) were
identical with those observed when heating in air. De Angelis et al. (2015) stated that the

thermal stability boundary for hornblendes is in the region of 880—-900°C.

The changes in optical properties exhibited by hornblendes upon heating have been
variously explained: Takeshi (1929) attributed this effect to oxidation of ferrous to ferric iron;
Kozu et al. (1927) claimed that the changes are a result of inversion; Graham (1926)
attributed the changes to dehydration. Barnes (1930) undertook a study of fourteen
hornblende samples that were heated to 850°C over a period of 3 h to ensure that the
changes proceeded to completion. The results indicated that the changes in the optical

properties of hornblende on heating were directly proportional to changes in the iron content.
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Barnes (1930) further asserted that oxidation is the key reaction that drives the changes in

the optical properties of hornblende on heating.

Barnes (1930) reviewed chemical analyses of hornblende samples from Renfrew and
Lanark (Canada) prior to and after thermal treatment. The results confirmed the oxidation of

ferrous to ferric iron; however, this was only true for iron-rich hornblendes.

De Angelis et al. (2015) stated that the properties of amphibole on heating have only been
studied in relatively few experiments, so no tool exists to estimate their time-scale
conversion as a result of heating. As stated, hornblende is characterized by the formula
(Na,K)o-1Caz2(Mg,Fe?*,Fe3* Al)sSis-7.5Al2.0.5022(0OH)2, while its high-temperature alliteration
product is characterized by the formula NaCa2Mg2Fe3*3[02|Al2SisO22]. This suggests that

the alteration of hornblende may be presented by:

NaCaz(MgzFe?"Fe3*2Al2)Sis022(0H)2 - NaCaz(MgzFe3*3Al2)SisO22 + H20 (g) 2

2.6.4.Mica group: talc and chlorite

Minerals belonging to the mica group have significant variation in their chemical and physical
properties; however, they are all characterized by plate-like morphology. Structurally, micas
can be described according to the following chemical formula: X2Y4-6Z8020(OH,F)4, where
X =K, Na, Ca; Y = Al, Mg, Fe, Mn, Cr, Ti, Li; Z = Si, Al, Fe®*, Ti.

2.6.4.1.Talc

There is generally little variation in the chemical composition of talc. Al or Ti may substitute
for Si while Mn, Al, or Fe (Fe?*, Fe3") may substitute for Mg. Talc undergoes thermal

decomposition at 800°C to yield enstatite and cristobalite according to (Deer et al., 1966):
Mg3SisO10(OH)2 - 3 MgSiOs + SiO2 + H20 3

The occurrence of talc is primarily dependent on the availability of sufficient magnesium;
however, if sufficient Al, Ca, or K are also present, the formations of chlorite, tremolite, or
phlogopite are favoured. The occurrence of talc is usually accompanied by serpentine and
olivine. The addition of silica, removal of magnesia, or addition of CO2 can lead to the
conversion of serpentine to talc (Deer et al., 1966).
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Liu et al., (2014) studied the thermal decomposition of talc, reporting that its decomposition
to enstatite and amorphous silica commenced at 800°C and peaked at 895°C. Pyatina et al.
(2018) stated that talc transforms into enstatite and amorphous silica at temperature ranges
of 800-840°C (Pyatina et al., 2018).

2.6.4.2.Chlorite

Minerals of the chlorite group are characterized by a layered structure, similar to that of talc.
Chlorites are characterized by the composition: (M2*:M3*)12Sig-xM3*xO20(OH)1e, with x in the
range 1-3, where (Deer et al., 1966) M?* = Mg, Fe, Mn, Zn and M3* = Al, Fe, Cr.

The dissociation of clinochlore at temperatures between 600 to 750°C at P20 of 0.3 GPa to

form forsterite, cordierite, and a spinel is given by:

5 Mg2Al4Siz010(OH)s - 10 Mg2SiO4 + Mg2Al4SisO18.nH20 + 3 MgAI204 + (20-n)H20 4

Cordierite may either be formed as an anhydrous silicate or may consist of 1.80 mass%
H20, depending on the pressure, as indicated in Figure 18. The solid line indicates the
reaction yielding anhydrous cordierite, while the dotted line indicates that involving cordierite
with 1.8 mass% H20. At pressures above 0.3 GPa, the thermal decomposition temperature
of clinochlore increases to 875°C. The decomposition products include enstatite or garnet
instead of cordierite.

0z
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Magnesium chlorite
(MgsAl>:Si30,(OH)g)
0.2
=
o
.g/
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L “+-
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,‘.
spinel
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Figure 18: Dissociation curve for the reaction of clinochlore (Cho, 1986)
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A kinetic study of clinochlore conducted by Cho (1986) concluded that its decomposition

may be presented by:

1.11MgsAl2Si3(OH)s - (Mga.89Al1.11)(Si2.89Al1.11)O10(OH)s + 0.264MQ2SiO4 +
0.044Mg3SiaO10(0OH)2 + 0.396H20 5

The reaction takes place at 670°C and a pressure of 200000 KPa. Cho (1986) further stated
that more detailed studies are required to conclusively characterize the reaction governing
the transformation of clinochlore.

2.6.5.Serpentine: lizardite

There are three main forms of serpentine minerals: lizardite, antigorite, and chyrsotile, all
characterized by the composition MgsSi2Os(OH)a. Lizardite is the most common (Deer et al.,
1966). There is very little variation in the chemical composition of the serpentine-group
minerals, which have the general stoichiometry HaMgsSi2Os. The main substitutions that
occur are that of Si by Al, Mg, and Al, and of Fe?* by Fe3*. Al substitution yields a range of
solid solutions between serpentine and amesite. Serpentine minerals undergo thermal

decomposition at 600°C in air, forming an olivine according to (Deer et al., 1966):

2 MgaSi20s(OH)a = 3 Mg2SiOs + SiO2 + 4H20 6

Selivanov et al. (2020) stated that lizardite decomposes into forsterite and enstatite on
heating, according to:

(Mg,Fe,Ni)3Siz0s(OH)a - (Mg,Fe,Ni)SiOz + (Mg,Fe,Ni)2SiOs +2H20 (at 500-700°C) 7

On further heating to 1100°C, forsterite, enstatite, and maghemite were identified.

Crystallization of amorphous enstatite was reported at 824°C, according to:

2 (Mg,Fe,Ni)SiOs - (Mg,Fe,Ni)2Si206 8
2.6.6.Silica minerals: quartz

Quartz occurs in different polymorphs at different temperatures. The three main crystalline
forms of SiOz2 (quartz, tridymite, cristobalite) are characterized by different crystal structures,
with each being dominant in a well-defined area of stability under equilibrium conditions. The

different polymorphs of quartz and their temperature ranges are (Deer et al., 1966):
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e qa-quartz: Stable at temperatures of 573°C and atmospheric pressure;

e [-quartz: Stable between 573 and 870°C;

e a-tridymite: May exist at atmospheric temperatures up to 117°C;

e B-tridymite: Melts at 1670°C and may exist above 117°C; is stable at 870-1470°C;

e q-cristobalite: Exists at atmospheric temperatures and at temperatures between 200
and 275°C;

e [-cristobalite: Is stable from 1470-1713°C.

The chemical composition of quartz is usually close to 100% SiOz; however, analyses that
indicate small amounts of other oxides could be due to inclusion of minerals or owing to
liquid infillings in cavities. Substitution of AIF* for Si** may take place; this is usually

accompanied by the introduction of alkali ions: Li* or Na*.

2.6.7 .Hematite: a-Fe203

Hematite is relatively easily distinguishable from magnetite and ilmenite due to its brown-
red colour. It is primarily found as a product of weathering of iron-bearing minerals. In
metamorphic rocks, hematite is formed due to the metamorphism of magnetite, siderite, and

hydrated iron oxides (Deer et al., 1966).

Whilst the ideal chemical composition of hematite is Fe203, small amounts of MnO and FeO
may be found. At 800°C, TiO2 (rutile) may enter the a-Fe203 structure, thereby forming a
complete solid solution between hematite and ilmenite above 1050°C. Hematite
decomposes to Fez04 on heating in air in the region of 1390°C (Deer et al., 1966).

2.6.8.Spinel group: magnetite

The spinel group of minerals can be divided into three different series, depending on which
trivalent ion is present. Classification of the different spinel groups is presented in Table 9.

Table 9: Spinel group minerals classification ( Deer et al., 1966)

Spinel series (Al) Magnetite series (Fe®" Chromite series (Cr3*)
Mg?* Spinel Magnesioferrite Magnesiochromite
Fe2* Hercynite Magnetite Chromite
Zn2* Gahnite Franklinite
Mn?2* Galaxite Jacobsite
Niz+ - Trevorite
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Trace amounts of AI®* substitute for Fe3* in magnetite (Fe?*Fe23*04), whilst Ca (in low
concentrations), Mn?*, and Mg?* replace Fe?*. A significant amount of Ti** can enter the
magnetite structure. A continuous solid solution series exists between magnetite and
ulvospinel (Fe2TiO4). Common replacements/substitutions that occur in magnetite include
Cr3* and V3* for Fe3*, while Ni**, Co?*, Zn?* Mg?*, Mn?*, and Ca?* (low concentrations) may
replace Fe?*. At 1452°C, magnetite may contain up to 30% Fe203: this will convert to

hematite on cooling.

2.6.9.Hydroxides: goethite

Goethite primarily occurs as a weathering product of iron-containing minerals, such as
siderite, magnetite, and pyrite. Goethite transforms to either magnetite or hematite by
dehydroxylation (Deer et al., 1966). The most common substituent ion is aluminium, with
Al* replacing up to a third of the Fe3* ions in some samples given by the formula; Alx Fei1x
OOH (Deer et al., 1966).

An increase in temperature is associated with increase in sample mass loss due to
dehydroxylation, which leads to an increase in the Fe content of the material (Shobhana and
Ratnakar, 2017). Magnetite and hematite transform to wustite by the reduction process. The
phase-transformation temperature of goethite to hematite is at 350—400°C. Woustite

transforms to metallic iron in the presence of a reducing agent.

2.6.10.Summary of phase decompositions in laterites
Decomposition of the following phases is expected, as discussed by various authors:

e Clinochlore decomposes between 600-750°C, forming forsterite, spinel, and
cordierite(Cho, 1986).

e Forsterite decomposes above 1000°C under hydrogen pressure = 2.5 GPa
(Efimchenko et al., 2019)

e Lizardite decomposes between 500-700°C, forming amorphous enstatite and
forsterite, with enstatite crystallizing at 824°C (Selivanov et al., 2020).

e Quartz exhibits polymorphic transformations between 573-1713°C (Deer et al.,
1966).

e Enstatite undergoes polymorphic transformations between 566-1550°C (Smyth,
1974).
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e A calcium magnesium silicate is expected in the reduced nickel laterite ore
(Rhamdhani et al.,2009).

e Hornblendes undergo changes upon heating due to the oxidation of ferrous to ferric
iron, resulting in the formation of oxyhornblende, an alteration product (Barnes,
1930), (Deer et al.,1966), (De Angelis et al. 2015), (Pichler and Schmitt-Riegraf,
1997).

2.7.Nickel ore processing

Nickel is primarily used in production of stainless steel and high-temperature alloys. An
increase in demand for stainless steel has resulted in an increase in ferronickel production.
In 2011, 60% of nickel was extracted from sulfide ores, even though the laterites account
for 70% of world nickel resources (Xuewei et al., 2013). The depletion of nickel sulfide ores
has focused more attention on laterite processing. An overview of extraction of nickel from

laterite and sulfide ores is illustrated in Figure 19.

The extraction of nickel laterites can be summarized into two main processes: smelting
(pyrometallurgy) and acid leaching (hydrometallurgy). The choice of process is largely
dependent on the chemistry and mineralogy of the host rock. Limonite and smectite ores
are characterized by high iron content, while saprolites are characterized by high MgO
content. The applicable extraction route for limonite and smectite ores is acid leaching to

produce nickel metal, while saprolite ores are subjected to smelting to produce ferronickel.

The rationale behind each of the different extraction processes is further substantiated by
the economics of the process. The efficiency of goethite dissolution in hot sulfuric acid,
precipitation of iron as hematite or goethite, and the lower MgO content make limonite and

smectite economically favourable for high-temperature acid leaching.
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Figure 19: Nickel extraction from laterite and sulfide ores (Crundwell et al., 2011)

The high MgO content associated with saprolite would invariably lead to high acid
consumption if subjected to acid leaching. The iron content of this host rock is relatively low
in comparison with that of limonite and smectite, and, for this reason, saprolites are
subjected to smelting to produce a nickel-rich ferronickel. The required cut-off grades are
1.3% Ni for pressure acid leach and 1.7% Ni for smelter extraction process (Dalvi et al.,
2004).

2.8.Pyrometallurgical extraction of nickel laterite ores

Pyrometallurgical extraction of nickel laterites is appropriate for saprolitic ores. The process
involves drying and calcination in a rotary kiln, followed by smelting in an electric arc furnace.
Depending on the final product required, sulfur could be added to the kiln to produce matte.
The final nickel product is dependent on electrical conditions in the furnace and the slag

characteristics.
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Ores with low-melting-point slags are better suited for matte production, whilst ores with high
melting-point slags are suited for ferronickel production (Dalvi et al., 2004). The

pyrometallurgical extraction process is characterized by high energy requirements.

An overview of the pyrometallurgical extraction of nickel laterites is presented in Figure 20.
The process consists of the following key steps:

e Ore upgrading;

e Calcination and dewatering;

e Smelting;

e Refining.
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Figure 20: Overview of the pyrometallurgical extraction of nickel laterites (Crundwell et al., 2011)
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2.8.1.0re upgrading

Ore upgrading is a crucial step in the extraction process. The logic behind the upgrading of
laterites is that less material (by volume) needs to be transported per tonne of nickel
(Crundwell et al., 2011). Reduction in the volume of material being handled by the crushing
circuit, smelter, or leach circuit leads to lower energy requirements and lower reagent
consumption, whilst increasing the production rate. The combined effect is a lower
production cost. The overall process economics are reliant on the extent of upgrading. The
main shortcoming of ore upgrading is the unintended loss of nickel in the rejected material
from the upgrading plant.

Table 10 presents different nickel laterite upgrading techniques used at operating mines.
The principle of upgrading is based on the different mineralogical properties. Laterized
minerals are softer than unlaterized minerals such as olivine that contain significantly lower
nickel content (Crundwell et al., 2011). Laterized minerals can therefore be separated from
unlaterized minerals by crushing and milling to the correct size to produce fine particles
characterized by high nickel content and reject coarse particles characterized by low nickel

content.

Table 10: Nickel laterite ore upgrading methods used by different mines (Crundwell et al., 2011)

Mine Nickel Nickel in Method of upgrading
in ore, upgraded ore,
% %
Ravensthorpe, 1.0 2.0 Scrubbing in rotating rotary scrubbers and attritioners
Australia

Separate small Ni-rich particles from large Ni-lean
particles in slurry by screen, hydrocyclones, and spirals
Rejected particles are > 75 um

Faclondo, 1.2 1.4 Ore treated through wobbler feeders and a ball mill
Dominican Product is screened: particles larger than 10 000 ym are
Republic rejected to tailings
Nepoui and 1.8 3.0 Ore slurried with water
Tiebaghi, New Small Ni-rich particles separated from large Ni-lean
Caledonia particles by screening, cyclones, and filters
Small low-density particles are richer in Ni than large
dense particles
Particle size is < 50 pm
Coral Bay, 1.26 1.5 Ore is screened, washed, and rescreened several times
Philippines Only -2 mm particles are sent for leaching
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2.8.2.Calcination and dewatering

Laterite deposits are primarily formed by weathering of peridotite rocks. Percolation of water
through the weathered material takes place. This water contains organic acids and carbon
dioxide (Crundwell et al., 2011). The percolated water dissolves the silica, magnesium,

nickel, and iron.

Laterites occur mainly in tropical regions, which implies they are associated with relatively
high moisture content, whether as run-of-mine (ROM) or in upgraded form. Excess moisture
has adverse effects on both ore handling and process safety: if the moisture content is too
high, the ore becomes prone to sticking on the conveyor belts and may lead to an explosion
in the furnace; in contrast, if the moisture content is too low, excessive dust formation can
occur. The moisture content should be accurately controlled to allow for a safe process and
efficient handling of the material. Two main processes are used for adjusting the moisture

content: dewatering and calcination (Crundwell et al., 2011).

2.8.2.1.Dewatering kiln

Dewatering kilns are designed to produce dried upgraded ore with specified moisture
content at a specified rate. This is achieved by adjusting parameters such as feed rates of
the ore and fuel (Crundwell et al., 2011). The principle of operation of a dewatering kiln is
as follows. Upgraded wet ore is introduced into the kiln. Combustion gas and hot air are
simultaneously fed to the kiln at a temperature of 800°C (Crundwell et al., 2011). The gas
and ore travel in the same direction in the rotating kiln. Water evaporation is the primary

reaction in the dewatering kiln, as characterized by:
H20(l) > H20(g); AH = 2260 kJ/kg H20 9

The operational mechanism of the kiln allows for the ore to be equally exposed to the hot
air, thereby allowing uniform evaporation of water. This is achieved by the cascading motion

of ore in the kiln using lifters.

Table 11 presents details of three laterite dewatering kilns currently operational for different
deposits. The kilns produce moderately dry ore with moisture content of approximately 20%,

allowing for ease of material handling (dust minimization and non-sticking).
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Table 11: Three laterite ore dewatering kiln operations (Crundwell et al., 2011).

Parameter Codemin, Cerro Matoso, PT Antam, Indonesia
Brazil Columbia
Type and number of One rotary Two rotary dryers Two rotary dryers
dryers dryer
Outside diameter x 3.4 %22 5.1 x 45 3.2x30
length, m
Capacity, t/h dry ore 104 Max. 200 each 50 each
Ore moisture in, % 25-27 22-30 30
Ore moisture out, % 23-24 10-12 22
Fossil fuel type Fuel oil Natural guess Pulverized coal
Dust production, % of 0.5 4 3
ore feed
Dust destination Recycle to To calcination kilns Recycle to dryer
dryer
Dryer product To calcination ~ To calcination kilns Screening, hammer milling, then
destination kilns calcination kiln

2.8.2.2.Calcination kiln

The dewatering kiln produces a moderately dry ore with moisture content of approximately
20%. Introducing ore with this moisture content directly into an electric arc furnace could
lead to an explosion. A calcination kiln is introduced to further treat the partially dry ore from
the dewatering kiln for removal of excess moisture. Nickel reduction is initiated in the
calcination kiln: a portion of the nickel is reduced to a metallic state and Fe** minerals are
reduced to Fe?* minerals. The calcination kiln produces a product for ferronickel smelting at

a temperature of 900°C.

The product from the dewatering kiln is introduced into the rotating calcination kiln at the
upper end if the kiln. The kiln is typically 185 m in length and rotates at a speed of 1 rpm
(Crundwell et al., 2011). The reducing gas and energy are introduced at the lower end of the
kiln, which allows for counter current flow of the ore and reducing gas. Combustion of
hydrocarbons introduced at the lower end of the kiln produces the required reducing gas for
heating and drying of the ore and partial reduction of nickel- and iron-containing minerals.

The reactions in the calcination kiln are as follows (Crundwell et al., 2011):
e Water evaporation (20% moisture in ore from the dewatering kiln):

H20(l) > H20(g). 10

e Decomposition of laterite minerals to oxides and H20(g) at 700°C:

NisMgsSiaO10(OH)s(s) - 3NiO(s) + 3 MgO(s) + 4 SiO2(s) + 4 Hz(g); 11
2FeOO0H(s) > Fe203(s) + H20(Q). 12
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¢ Oxide reduction by the coal and reducing gases at 800°C:

C(s) + NiO(s) > CO(g) + Ni(s); 13
CO(g) + NiO(s) - CO2(g) + Ni(s); 14
CO2(g) + C(s) » 2CO(9g); 15

CO(g) + Fe20s3(s) - CO2(s) + 2FeO(s); 16
H2(g) + Fe203(s) - H20(g) + 2FeO(s). 17

The calcination kiln produces a partially reduced, completely dry ore (at a temperature of
900°C), as well as dust-containing offgas. The offgas is primarily composed of CO2, H20,
and N2 at a temperature of 250°C (Crundwell et al., 2011). Dust from the offgas is pelletized
and recycled to the calcination kiln. Temperature control of the product from the calcination
kiln is crucial: above 900°C, nickel and iron oxides fuse with SiOz2 to form unreactive silicates
(Crundwell et al., 2011).

Typical compositions of the product from the calcination kiln are presented in Table 12. Table
13 presents detail of various laterite calcination kilns currently operational for different
deposits. The kilns produce partially reduced ore for feed into an electric arc furnace and

dust-containing offgas for recycling.

Table 12: Calcination kiln product (Crundwell et al., 2011)

Component Product, mass%

Coal 2
Ni 1.5-3 (25% as metal, 75% as oxide)
Co 0.4-0.08 (20% as metal, 80% as oxide)
Fe 15 (5% as metallic iron, 95% as FeO)

SiO2 40

MgO 25

Al203 1
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Table 13: Operational calcination kilns (Crundwell et al., 2011)

Parameter Codemin, Brazil Cerro Matoso, Columbia  PT Antam, Indonesia

Equipment type and number Two rotary kilns Two rotary kilns Two rotary kilns

Outside diameter x length, m 3.6 x70 6.1 x 185; 6.1 x 135 4 x90; 4.2 %90

Capacity, t/h dry ore 40 each kiln 165 each kiln 32; 35

Fuel type Heavy oil Natural gas Pulverized coal

Discharge temperature, °C 900 800-850 800-1000

Fuel consumption / t ore 52 kg 50-55 Nm? 115 kg

Reductant Wood chips Anthracite Anthracite coal

Average reductant consumption 180 kg 50-60kg 67 kg

Dust production, % of ore feed 20 12; 22 8

Dust destination Recycled to kiln Extruded and fed to kiln Pelletized and fed to kiln
2.8.3.Smelting

Ferronickel ore mined at Barro Alto is processed in six-in-line rectangular electric arc
furnaces (Anglo-American, 2009). Six electrodes, connected in pairs, are set in line along
the centre of the furnace. Metal and slag tap holes are located on opposite ends of the
furnace wall, with the metal tap holes located at a lower elevation. Figure 21 illustrates a

schematic view of a section through a six-in-line furnace (Mc Dougall, 2013).

The base plate of the furnace is usually flat and is cooled by forced air ventilation. The
sidewalls are fitted with copper cooling elements with essential water passages that are set
into the refractory lining. These provide capacity to remove heat fluxes through the sidewalls.
The copper coolers can be classified into two types: shallow-cooled and deep-cooled. In
shallow-cooled coolers, the copper element is located inside the furnace, but the water
passages are located on the outside of the furnace; in deep-cooled coolers, both the copper
elements and water passage are located inside the furnace. Heat exchangers or cooling
towers are used to cool the water. The cooling water system is operated in a closed circuit.
Feed material from the rotary kiln is introduced into the furnace through feed chutes. A batch
feeding mechanism is used. To control the feeding intervals, the height of the feed piles in
the furnace is continuously monitored. Metal is periodically tapped from the tap holes, which
are located 700-1000 mm below the slag tap holes into a refractory-lined launder that
discharges into a ladle. The tap hole blocks are water-cooled copper elements into which

refractory of the tapping channel is set (Mc Dougall, 2013).
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Figure 21: Cross-section through rectangular six-in-line furnace (Mc Dougall, 2013)

Smelting converts the hot calcine from the calcination kiln into hot molten ferronickel that is
suitable for refining. Smelting produces three products at different temperatures (Crundwell
et al., 2011):

e Unrefined molten ferronickel: The molten ferronickel consists of nickel with a
concentration of 20—-40% and iron with a concentration of 60-80%, produced at
1450°C;

e Molten slag, consisting of SiO2, MgO, and FeO, is produced 1550°C;

e Offgas, containing CO and Nz, is produced at 900°C.

The density differential between the slag and molten ferronickel allows for the metal to settle

to the bottom of the furnace bath and for the slag to float on top.

The three products are recovered separately: ferronickel metal is tapped through the low tap
hole and slag is tapped through the high tap hole. The slag is transferred to waste and the
molten metal is sent for refining. Not all the nickel is recovered to ferronickel: approximately
2% is lost to the slag, which typically contains 0.1-0.2% nickel (Crundwell et al., 2011). It is
critical to minimize losses of nickel to the slag.

Ferronickel furnaces typically have a capacity of producing 250 t/d of molten ferronickel a
day and 3700 t/d of molten slag, with an estimated energy consumption of 500 kWh/t feed

material (Crundwell et al., 2011).
The reactions in the electric arc furnace are as follows (Crundwell et al., 2011):
e Nickel reduction to metallic nickel:
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NiO(s) + C(s) = Ni(l) + CO(9g). 18
e Iron reduction to metal:
FeO(s) + C(s) -» Fe(s) + CO(g). 19
e Molten ferronickel formation:
Ni(l) + Fe(s) = (Ni, Fe)(l). 20

e Molten slag formation:

(In molten slag)
2MgO(s) + SiO2(s) - 2Mg(l) + SiOa(l) 21

Reduction behaviour of a saprolitic (garnieritic) nickel laterite was studied by Yang et al.
(2019), with the objective of determining ideal conditions for selective reduction of nickel.
The ore was reduced with gas containing 60 vol.% CO and 40 vol.% CO:2 at 740°C for a
period of 60 min (Yang et al., 2019). The study revealed that a ferronickel alloy was formed
owing to reduction of the metal oxides; however, the degree of reduction was largely
dependent on the temperature and CO concentration. Back-scattered electron images (BSI)
of the pre-reduced ore are presented in Figure 22. Ferronickel alloy particles were only
visible at nano-scale size and their analysis by energy-dispersive spectroscopy (EDS) was
inconclusive (Yang et al., 2019). Prominent phases identified in the pre-reduced ore were
(1) wustite, (2) modified chlorite, (3) olivine, (4) pyroxene, (5) talc, and (6) quartz.

Figure 22: Back-scattered electron micrograph of a pre-reduced laterite ore (Yang et al., 2019)

The most critical factors in the reduction of laterite ores are temperature and reducing gas
composition. According to Li (1999), a reducing gas containing a mixture of 90% H20 and
10% H2z or 75% CO2 and 25% CO will result in desired high extraction of nickel from typical

laterite ores at 900°C.
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However, different types of lateritic ores require different conditions: when H2 is used for
limonitic ores, the optimum temperature range is between 550°C and 850°C; for serpentinic

ores, the optimum temperature is between 550°C and 650°C.
2.8.4.Refining

The ferronickel product from the electric arc furnace typically contains impurities. These are
known to affect the strength, corrosion resistance, and toughness of the ferrous alloys.

Typical impurity elements include phosphorus, sulfur, cobalt, carbon, chromium, and silicon.

Phosphorus and sulfur are key impurities that have a detrimental effect on ferronickel metal:
removal of these impurities is imperative to the metallurgical performance of the ferroalloys.
Additionally, market constraints regarding maximum allowable impurity levels drive their
removal. London Metal Exchange (LME) pricing considers several factors, including shape
and form of the metal, grade, and purity. Higher level of impurities in the ferronickel would

demand a higher price discount, which, in turn, affects the process economics.

2.8.5.Removal of impurities from ferronickel

2.8.5.1.Sulfur removal

Calcium carbide is used for removal of sulfur from the molten ferronickel, as characterized
by (Crundwell et al., 2011):

S(l) + CaCz(s) > 2C + CasS (I). 22

2.8.5.2.Phosphorus removal

Lime and oxygen are used in the removal of phosphorous from ferronickel, as represented

by Reaction 2.15 (Crundwell et al., 2011). The molten slag is removed by decanting.

2P(l) + 50(g) + 4Ca0(s) = (Ca0)aP20s (1) 23
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3. Experimental procedures
3.1.Briquette performance

Several standard tests have been developed by the International Standards Organisation
(ISO) to evaluate the quality of iron ore lump, pellets, and sinter; however no standard tests
exist for evaluating performance of ferronickel briquettes (lljana, 2017). An iron ore feed
material is characterized by chemical composition, PSD, crushing strength, reduction
disintegration index (RDI), reducibility index (RI), and decrepitation index (DI) (lljana, 2017).
To evaluate the quality of the produced ferronickel briquettes, standard ISO tests procedures

for iron ore pellets were used in this study. Table 14 presents a summary of these tests.

Table 14: International Standards Organisation tests for iron ore used in this study

Standard Test ID
ISO 4700 Compressive strength CS
Anglo American (Value-In-Use) Drop number testing DN
in-house standard
ISO 3271 Tumble strength TI
Abrasion index Al
ISO 4695 Reducibility index RI
ISO 8371 Decrepitation index DI
ISO 4696-1 Reduction disintegration index RDI
Non-standard test Rotary kiln simulation Linder furnace

3.2.Experimental design

The Design of Experiments (DoE) approach was adopted for the current study. According
to the theory of DoE, valid conclusions can be drawn from experiments with natural
fluctuations, such as temperature, soil conditions, and rainfall, in the presence of identified
variables. The identified variables ordinarily lead to systematic biases in a group of results
(Goupy, 1993).

One of the main objectives in a DoE study is to formulate a strategy that should (Goupy,
1993):

e Give the desired results as quickly as possible;

¢ Avoid conducting unnecessary experiments;

e Ensure that results are as precise as possible;

e Allow for the experiments to progress without any delays;

e Provide a model and optimization of the phenomena studied.
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Such a strategy is considered effective when it takes into consideration three key areas of
knowledge acquisition: regular acquisition of results, selection of best experimental strategy,

and interpretation of results. This strategy is schematically presented in Figure 23.

Systemto study Purpose/Objective Experimental design

y

Experimentation
system results P

Knowledge of Intepretation of

A 4

[ Regularacquisition of )

results

Figure 23: Experimental strategy (Goupy, 1993)
3.3.Principles of DoE

The experimental design methodology allows for values of all factors to be varied in each
experiment. This forms the basis for a factorial design approach, wherein the factors
evaluated may be quantitative or qualitative. Two-level factorial design, although the
simplest, is extensively used because it may be applied to many situations as either
complete or fractional designs. The two-level factorial is characterized by the following
equation (Antony, 2014):

Y =nk, 24

where Y is the number of experiments required; k is the number of factors to be evaluated;
n is the level of factors to be evaluated. A two-level factorial design approach was used for

the current study.

In factorial experimentation, the effects due to each factor and their combinations are
estimated. Each factor affecting briquette performance was evaluated at two levels. Applying

the two-level factorial to three factors, the number of briquetting tests required are:
Y = 23 = 8 (briquette production tests),

where the three k are moisture content, ore top size, and curing conditions.
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3.4.Briquetting test programme

Figure 24 presents a flow diagram of the test programme. The study commenced with
characterization of the feed ore, following which screening was carried out to produce bulk
-12.5 mm and -6.3mm feed ore top sizes for briquetting studies. The bulk -12.5mm and -6

3 mm samples were split into representative samples for the test campaign.

O I'I ract t — — s B"quettln T 1
re cnaracterization {IZS 6.3 } E

L™ L "

!

Curing and splitting ——» Compressive Strength and

Calcination kiln simulation using a

Linder furnace

RDI Testing DI Testing Rl Testing
1SO 4696-1 1SO 8371 1SO 4695

Figure 24: Test programme flow diagram
3.5.Test parameters

The main variables that affect performance of briquettes are machine roller speed, ore
moisture content, PSD, briquetting pressure, density, and basicity (Vining et al., 2017; Sun
et al., 2014). PSD analysis was conducted on the plant feed material. The results suggested
that briquettes can be produced from he ore screened at —6.3 mm; therefore this top size
was chosen for briquette production. However, owing to the heterogeneity of the sample,
provision was made to also evaluate the performance of briquettes produced with a coarser
top size of —12.5 mm. The following parameters were investigated for briquettes with top

sizes of —=6.3 mm and -12.5 mm: moisture content; curing condition.

3.5.1.Moisture content

Moisture contents of 16% and 24% were selected for the test programme because these
values are typical for operating nickel laterite plants: Loma de Niquel, Venezuela, operates
at moisture content of 15%, whilst Pacific Metal Co., Japan, operates at moisture content of
24% (Crundwell et al., 2011).
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3.5.2.Curing conditions

Barro Alto plant is situated in the state of Goias, Brazil. The average relative humidity ranges
from 57.9% during August to October to 85.2% in the period December to February (Lima
et al., 2012). The average rainfall ranges from 0-128.7 mm?2 for April to August and 70.9—
287.5 mm? for September to March (Cardoso et al., 2003).

Preliminary water-immersion tests indicated that green briquettes completely disintegrated
in the presence of water. Preliminary relative humidity tests indicated average moisture
absorptions of 8.23% and 8.69% at 54% and 80% relative humidity over a period of 7 d,

respectively. Green briquettes were not subjected to RI, DI, RDI, or Linder furnace testing.

To preserve the structural integrity of the briquettes, preliminary tests indicated that it was
important that the curing conditions either be optimized or set at the most economic level to
maintain process economics. The duration and nature of curing ultimately affects
mechanical properties of the briquettes. In evaluating the effects of curing conditions on
briquette performance, two conditions were proposed: open curing and closed curing. Open-
cured briquettes were placed on a tray and allowed to cure in the open atmosphere; closed-
cured briquettes were placed in a sealed container and allowed to cure in a closed
environment. The open-curing method aimed to simulate conditions under which briquettes
are stockpiled and cured in the open atmosphere; the closed-curing method aimed to
simulate conditions where briquettes are stockpiled and cured in closed silos. The study was

limited to curing conditions and did not include the effect of pressure on the briquettes.

The objective of these tests was to evaluate the effect of curing time and curing method on
strength development of the briquettes. This is particularly useful with regard to determining
the duration for which briquettes can be stockpiled and their performance on transportation
and loading on to the conveyor belts. Curing times of 2, 4, 8, 24, 48, 72, and 96 h were
evaluated, which are consistent with the Anglo American (Value-In-Use) in-house pilot-plant

curing standard.
3.6. Test matrix

3.6.1.Briquette production

The two-level factorial method requires categorization of the levels to be investigated into
high (+) and low (-) levels. Designation of the levels allows for formulation of the test matrix.

These are presented in Tables 15 to 17.
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The factors are moisture content, top particle size, and curing conditions (Table 15). The
test matrix was constructed in an order that allowed for evaluation of combinations of all
three factors (Tables 16 and 17).

Table 15: Test level designation

= + = +
4 -6.3 -12.5 Open Closed
High level Low level Highlevel Low level High level

N

Table 16: Test matrix

+
I
+ + + |+

Table 17: Test matrix: Operational levels

_ 16 -6.3 Open
_ 24 -6.3 Open
_ 16 -12.5 Open
_ 24 -12.5 Open
_ 16 -6.3 Closed
_ 24 -6.3 Closed
_ 16 -12.5 Closed
_ 24 -12.5 Closed

3.7.Analysis of results

DoE principles allow for the analysis of each of factor and their interactions. Mathematically,
the most significant factor affecting briquette performance and their optimum interactions
can therefore be determined. Evaluation of the factors was conducted using a statistical
software package (Minitab). Main and interaction plots were used in analysis of the results.
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3.7.1.Main-effect plots

The main-effects plot was used to evaluate the response values at each level. This plot was
used to accurately compare the prominence of the effects of the different factors. The
magnitude of a response is either positive (+) or negative (-), where the sign indicates
whether the response value increases or decreases; the magnitude indicates of the strength

of the response (Goupy, 1993).

Operating lines are constructed connecting the points for each specific variable relative to a
reference line, the steepness of which indicates the significance of the process parameter
on the measured response: the steeper the slope, the more prominent is the factor is on the

measured response (Goupy, 1993).

3.7.2.Interaction plots

Interaction plots are useful in analysing the response of two factors at all combinations of
their settings, either high (+) or low (-) level. The plot indicates whether an interaction exists
between the factors. Operating lines are constructed for each process parameter. Parallel
operating lines indicate that there is no interaction; non-parallel operating lines indicate the

presence of an interaction between the two parameters on the measured response.

3.7.3.Analysis of variance

To assess whether differences between measured responses are statically significant at
different factor levels, the p-value, which is factor specific, was compared with the
significance level to assess the null hypothesis. The null hypothesis states that the
measured responses are all equal. The significance level, given by an alpha value (a) of
0.05 (95% confidence interval), was used as the test statistic. The test statistics were set as

follows:

¢ Null hypothesis: All measured responses are the same;
e Alternative hypothesis: Not all measured responses are the same;

e Significance level (a): 0.05.

Test criteria:

e p-value < a: This indicates that the difference between some measured responses

are statistically significant and that the null hypothesis can be rejected,;
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e p-value > a: The differences between the measured responses are not statistically
different and thus the null hypothesis cannot be rejected.
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4. Experimental
4.1.Sample preparation

Samples of ore were received from Barro Alto, packaged in 200 L drums, as shown in Figure
25. The ore was dried to constant mass on a drying pan at 105°C, to average moisture
contents of 3.10%. The drying pad with ore is illustrated in Figure 26. The ore was screened
at -6.3 mm and -12.5 mm. Four batches of each size fraction were removed by rotary
splitting. PSD analysis was conducted for the -6.3 mm and -12.5 mm top size samples.

Figure 26: Ore drying pad at 105°C

4.2.Feed characterization

X-ray fluorescence (XRF) analysis of the as-received sample and by size distribution (assay
by size) was carried out using the Malvern Panalytical Axios FAST (Malvern Panalytical) to
determine chemical compositions. The crystalline phase compositions of the ore were
determined by X-ray diffraction (XRD) analysis, using a PANalytical X'Pert Pro powder
diffractometer in 6-6 configuration with an X’Celerator detector and variable divergence and

fixed receiving slits with Fe-filtered Co-Ka radiation (A = 1.78x106 mm).
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For the determination of amorphous content, 20% SiO2 (99% pure; Aldrich) was added to
the samples. The samples were prepared for XRD analysis using a back-loading method.
The backloading method consists of pressing the opposite side of the sample which is being
analysed, with minimal interference in the distribution of crystals and thereby reducing the

effect of preferred orientation (Da Silva et al., 2011).

The relative phase amounts (mass% of crystalline phase) were estimated using the Rietveld
method (Autoquan software, Meyer Instruments, United States of America).

Scanning electron microscopy (SEM) was used to observe the morphology of the samples,
while the elemental compositions of the phases were identified through back-scattered
electron imaging (BEI) employing an energy-dispersive spectrometer (EDS). Pulverized
samples were mounted in resin, then ground, polished, and gold coated for analysis. The

elemental composition was measured using XRF.

4.3. Moisture content determination

A representative aliquot was removed from each sample batch reserved for briquette
production by rotary splitting and subjected to initial moisture content analysis using a MB-

90-OHAUS moisture content analyser (Figure 27).

Figure 27: MB-90-OHAUS moisture content analyser

The aliquot was evenly placed on the sample pan, the cover closed, and the initial sample
mass recorded. The sample was then heated using halogen heating to 200°C and the mass

continuously measured as a function of time.
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The analysis was terminated when the mass loss remained constant (mass change of < 1
mgq) for 60 s. The difference between the initial and final masses were used to calculate the

inherent moisture content.

Inherent moisture content refers to mechanically entrained water in a sample; loss on
ignition (LOI) refers to the determination of organic and carbonate constituents and water

bound in the crystal structure of a sample.

The analysed inherent moisture (initial sample moisture) was used to calculate the required

water addition to attain the test moisture contents according to the following equations:

100 —Wq .,

Mry = Mg X —— 25
100—W0
Myet = My X ——; 26
wet 0 100 — wy
— M Yo
Wreq = Mwet X To5~ Mo X 7o+ 27

where mo and mary are the initial and dry sample (less the inherent moisture) masses (g),
respectively; wo and wi are the inherent and desired moisture contents (mass%),
respectively; mwet is the sample wet mass (g); Wreq is the water addition required to achieve
desired moisture (Q).

The ore and calculated water addition were mixed in an Eirich mixer (Figure 28) for 60 s.

Figure 28: Eirich mixer
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4.4.Briquette production

Briquettes were produced at top sizes of -6.3 mm and -12.5 mm, using the ZEMAG-01

roller press and a 20 t hydraulic press, respectively.

4.4.1.Pilot-plant tests (briquette top size —6.3 mm)

Briquetting was carried out using a ZEMAG-01 roller press briquetting machine, illustrated
in Figure 29. Ore was fed into the feed hopper and pushed down into the area between the
two rollers using the tamping worm. Briquettes were formed by pressing the ore in the gap
between the two rollers and collected underneath the roller press. The following machine
parameters were used: feed speed of 30 rpm; roll speed of 5.4 rpm; roll pressure of 17500
KPa.

Feed hopper with
tamping worm
inside

Rotating rolls

Figure 29: ZEMAG -01 briquetting machine

The briquettes were tumbled on a pelletizing disk (Figure 30) for 30 s to remove edges,
following which they were screened at 12 mm, to separate fines and broken briquettes from
intact briquettes. The final briquettes had dimensions (W x L x H) of 30 mm x 30 mm x 18
mm (Figure 31).
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Figure 30: Removal of edges on a pelletizing disk

" . -~

T
Sie

2 B

)

Figure 31: Pilot-plant briquettes

4.4.2.Laboratory tests (briquette ore top size —12.5 mm)

Laboratory-scale briquetting was conducted using a 20 t hydraulic press, illustrated in Figure
32. The rig was mounted on a steel frame and consisted of a hydraulic press, gauge lever,
and briquetting chamber. The briquette chamber comprised a mould holder, ring, and
mould/piston. A batch feeding mechanism was used. The briquettes had dimensions (W x
L x H) of 30 mm x 30 mm x 20 mm (Figure 33). The 20-ton press was chosen for the -

12.5mm ore top size briquettes due to its versatility in handling different feed ore sizes.
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Mould

Ring

Pressure
gauge
Mould
holder
Briqquette
chamber
Gauge
lever
Ore
feed

Figure 32: Laboratory-scale briquetting equipment

Figure 33: Laboratory-scale briquettes

Both sets of briquettes were allowed to cure for a period of 2 h prior to the ISO and Linder
furnace tests. Open and closed curing conditions are illustrated in Figure 34. Closed-cured
briquettes were placed in a sealed container; open-cured briquettes were placed on a tray

and cured in the open atmosphere.
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() (b)

Figure 34: (a) Open- and (b) closed-cured briquettes

4.5.Green briquette yield

The green briquette yield of each batch was determined according to the following equation:

% Yield = 100 x =, 28

ms

where m1 (g) is the mass of whole briquettes; mz is the sample wet mass (g).

4.6.Drop number and compressive strength testing

The drop number test involves dropping a briquette from a height of 1 m onto a steel plate.

The drop number is expressed as the average number of drops until breakage.

Determination of the compressive load required to cause breakage of the pellets is detailed
in the 1ISO 4700 test method. Compressive strength tests were conducted using an Instron
3367 machine (Figure 35). The method specifies that a sample be placed on steel panels of
a loading unit and compressed at speeds ranging from 10-20 mm/min. The crushing
strength is recorded as the maximum load (N) attained in the test. Each test was repeated
seven times: the reported crushing load is calculated as the arithmetic average of all
measurements. The standard deviation was also recorded.

Tests were conducted on the following briquettes:
e Green briquettes at timed intervals up to 96 h;
e RI test product briquettes;

e Linder furnace test product briquettes.
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Instron 3367 Briquette placed on the plates
Figure 35: Strength testing (Instron 3367)

4.7.Tumble strength and abrasion index testing

The resistance of iron ore to size degradation by impact and abrasion can be evaluated
using the 1ISO 3271 standard method. The method allows for calculation of both abrasion
and tumble indices. The sample is tumbled in a rotating drum for 200 revolutions at a speed
of 25 rpm. A schematic diagram of the ISO 3217 test apparatus is presented in Figure 36.
On completion of tumbling, the sample was removed from the drum and screened at 6.3
mm and 0.5 mm. The tumble index (TI) is presented as the fraction of mass larger than 6.3
mm. The abrasion index (Al) is presented as the fraction of mass less than 0.5 mm. These

indices were calculated as follows:

TI = 100 x 2 29

mo

A1=100Xw, 30

mo

where mo is the mass after reduction, before tumbling, mi1, and m2 are masses of the

fractions retained on the 6.3 mm (+6.3 mm), and 0.5 mm (+0.5 mm) screens, respectively.
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Dimensions in millimetres
A | ID 1000

1 revolution counter

door with handle

—
L8]
—
c=—==>

3 stub axle (no through shaft)
1 twolitters (50 x 50 x 5

direction of rotation

6 plate

ID  internal diameter

a) Front view b) Side view

Figure 36: Schematic diagram of ISO 3271 test apparatus (lljana, 2017)

4.8.Reducibility index testing

The ISO 4695 method is used to evaluate the degree to which oxygen is removed from an

ore under conditions dominant in the reduction zone of a furnace. The method specifies that

a 500 g sample be isothermally reduced at 900° C using a reducing gas that consists of
20 vol.% CO, 20 vol.% CO2, and 60 vol.% N2. The reducing gas flow rate should be

maintained at 12.5 L/min during the reducing period. Mass loss of the sample is continually

monitored until completion of the test. Table 18 presents the gas and temperature profiles

used in the test. The gas composition in the reduction stage had a CO/(CO + CO) ratio of

0.5. Figure 38 presents a schematic of the RI test apparatus. Figure 37 shows a cross-

section through a briquette after reduction, demonstrating that reaction proceeded

throughout the briquette. On completion of the RI test, briquettes were reserved for Tl and

Al testing.
Table 18: Gas and temperature profiles during reducibility test
Stage Definition Temperature,  Gas flow rate, Gas composition
°C L/min
1 Heating 240 6.25 50% N2
2 Drying free moisture 300 6.25 50% N2
3 Calcination 800 6.25 50% N2
4 Reduction 900 12.5 20% CO, 20% CO2, 60% N2
5 Cooling < 200 2.5 20% N2
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Figure 37: Cross-sections through (a) —=6.3 mm and (b) -12.5 mm briquettes after reduction
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Figure 38: Schematic diagram of 1SO 4695 test apparatus used to evaluate reducibility (lljana, 2017)

For the purpose of the current study, the degree of reduction was derived from the mass
loss in the reduction zone and the chemical analysis of hematite (Fe203) present in the
laterite ore. The percentage decrease in degree of reduction per percentage increase in
moisture content was calculated according to the following:

|Red16y, — Redaayl
8%

Decrease in reduction = x 100 31
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where Redis» and Redz4y are the average degrees of reduction at moisture contents of 16%

and 24%, respectively.

On completion of the RI test, the briquettes were reserved for Tl and Al testing, compressive

strength and drop number testing, and chemical and mineralogical analyses.

4.9.Decrepitation index test

The decrepitation index (DI) refers to the breakage of the green briquettes at the point of
entry into the rotary kiln. DI is expressed as the mass% of —6.3 mm material on completion
of thermal treatment. A 500 g sample was loaded into the DI furnace (Figure 39), which was
pre-heated to 700°C. The test was conducted for a period of 90 min, following which the
briquettes were removed from the furnace, cooled in air, and the mass recorded. The heat-

treated briquettes were screened at 6.3 mm, 3.15 mm, and 0.5 mm.

Dl is calculated according to the following equation:

DI_g3mm = 100 X 2— 32

2

where mz is the mass of the —6.3 mm size fraction (undersize) and mz is the mass of the

sample after thermal treatment.

To evaluate the fines generated, the mass% of the fractions passing 3.15 mm and 0.5 mm

were also recorded.

.
~
}»
e =

N
Decrepitation Index Furnace Briquettes after cooling in air

Figure 39: Decrepitation index test furnace and produced briquettes
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4.10.Reduction disintegration index test

The ISO 4696-1 test is used for evaluating the degree of size degradation of iron ore when
reduced in a CO-CO2-H2—N2 gas mixture under conditions resembling those of the low-
temperature reduction zone of a furnace. Hematite has a hexagonal crystal structure with a
density of 5.225 g/cm?, while magnetite has an octahedral crystal structure with a density of
5.220 g/cm3. The reduction of hematite to magnetite is associated with a change in its
volume and crystal structure, thus generating strains and causing crack growth across the

matrix, which results in the disintegration of particles (Lu, 2015).

According to the test procedure, a 500 g sample was isothermally reduced at 500°C using
a gas composition of 20.0 vol.% CO, 20.0 vol.% COz2, 2.0 vol.% H2, and 58.0 vol.% N2 for a
period of 60 min, whilst maintaining a gas flowrate of 20 L/min. The furnace gas composition
and temperature profiles are presented in Table 19. Figure 40 presents a schematic of the
test apparatus. On completion of reduction, the sample was cooled using N2. The sample
was then tumbled, using a tumble drum with two lifters for 300 revolutions. The samples
were screened at 6.3 mm, 3.15 mm, and 0.5 mm and the masses recorded. Reduction
disintegration indices (RDI) are calculated as the fractions of +6.3 mm, —3.15 mm, and -0.5

mm material, according to the following equations:

RDI, 45 = 100 X %; 33
0
RDI_5 5 = 100 x Ze=(ttma). 34
mo
RDI_gs = 100 x -mo—(mitmzt ms). 35

mo
where mois the mass after reduction; mi, mz and ms are masses of the fractions retained on
the 6.3 mm (+6.3 mm), 3.15 mm (-6.3 mm +3.15 mm), and 0.5 mm (-3.15 mm +0.5 mm)

screens, respectively.

Table 19: Gas and temperature profiles of reduction disintegration test

Stage Tempoecr:ature, Gas flow rate, L/min Gas composition DurrTz:\itrl]on,
1 420 20 50% N2 40
2 420 20 25% N2 40
3 450 20 25% N2 20
4 480 20 100% N2 40
20% CO, 20% CO2, 58%
5 500 20 Na, 2%Hs 60
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Figure 40: Schematic diagram of ISO 4696 test apparatus (lljana, 2017)
4.11.Rotary kiln simulation

Production of ferronickel requires the ore to be treated through various stages that allow for
a higher material concentration. Ore is fed into a rotary kiln to generate a calcined and pre-
reduced product. Handling of the ore is important during the calcination stage because the
calcined product is fed directly into an electric arc furnace, where it is melted and further
reduced. The calcine needs to have good structural integrity. Linder furnace tests were
conducted to simulate conditions in a rotary kiln (Figure 41).

The objective of the tests was to evaluate the degradation of green briquettes when being
tumbled, heated, calcined, and reduced. A 2 kg sample was placed in the furnace, which
was rotated at 23 rpm, which is equivalent to the rotational speed of a typical 5.75 m
diameter calcination kiln. The furnace gas composition and temperature profiles are
presented in Table 20. On completion of the tests, the pre-reduced briquettes were screened

at 6.3 mm, 3.15 mm, and 0.5 mm to evaluate the degree of degradation.

Table 20: Gas and temperature profile of Linder furnace test

Stage Definition Temperature, Gas flow Gas composition Duration, Speed,
°C rate, min rpm
L/min
1 Heating 250 25 50% N2 10 23
2 Drying free moisture 220 25 50% N2 50 23
3 Calcination 800 25 50% N2 60 23
4 Reduction 840 50 20% CO, 20% COz2, 60% N2 66 23
5 Cooling < 300 25 20% N2 - 0
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Figure 41: Linder furnace

The overall performance of the briquettes was evaluated against the target responses
obtained from a pilot-plant test campaign conducted at Anglo American (Value-In-Use), as

presented in Table 21.

Table 21: ISO test target responses (pilot-plant campaign results)

Test type ISO Parameter Target response
(Pilot campaign)
Green briquette ISO-4700 Compressive strength 350-620 N
Reduction index 39.3-42.2
Compressive strength 370-779 (N)
Reducibility index 1SO-4695 Drop number 4-10.7
TI 95.5-96.2%
Al 2.93-3.57%
Decrepitating index 1ISO-8371 DI (% —3.15 mm) 0.083-0.22
RDI (% —0.5 mm) 1.42-6.02%
disintegration index
RDI (% —6.3 mm) 1.62-9.98%
Rotary kiln simulation Non-standard % —-3.15mm 2.67-5.60%

test
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5. Results and discussion
5.1.0re characterization
5.1.1.Particle size distribution

The PSD of the nickel laterite ore is presented in Figure 42. The results indicate that at a top
size of -6.3 mm, 80.2% of the material was < 3350 pm, whilst 31.0% of the material was
< 850 um. At a top size of =12.5 mm, the results indicate that 69.3% of the material was
< 3350 pm, whilst 25.4% of the material was < 850 um. The —6.3 mm top size comprised a
greater proportion (19.1%) of fine particles (-500 pm) in comparison with the -12.5 mm top
size (15.2%).

The presence of fine particles at the ore top size of —-6.3 mm is significant with regards to
the prevailing binding mechanism on briquetting. Additionally, the presence of fine particles
has a detrimental effect on furnace performance: fine particles reduce permeability and
furnace efficiency, leading to lower metal extractions and increased power consumption
(Goenka and Naik, 2013). Fines can also increase gas build-up and thereby compromise

process safety and stability (Moreira Alves and de Souza Sales, 2002).
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Figure 42: Particle size distribution of as-received ores
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5.1.2.Chemical and mineralogical analysis

XRF analysis of the feed sample indicated that the ore contained 2.03 mass% NiO and 17.2
mass% Fe203. The ore can be considered lateritic, given its average (SiO2)/(Al203 + Fe203
+Fe304) mass ratio of 2.09. In accordance with the categorization of the laterites given by
Janwong (2012), saprolitic laterite ores consist of 0.4-3 mass% Ni, 0.02-1 mass% Co, 10—
30 mass% Mg, and 9-25 mass% Fe.

The XRF analysis confirmed that the ore is a saprolitic laterite with 12.1 mass% Fe, 17.2
mass% Mg, and 1.60 mass% Ni. Lu et al., (2013) stated that hydrous magnesia silicates
dominate the saprolites, with nickel substituting magnesia to form garnierite

(Mg,Ni)3Si20s(0OH)4, without any discrete nickel minerals.

For the ore top size of —6.3 mm, the XRF analysis confirmed that the ore contained 2.15
mass% NiO and an LOI of 12.4 %. Screening resulted in notable upgrading of the ore, with
an increase to 5.66% NiO and 27.2% Fe203, which signified rejection of the nickel-lean
minerals. According to Crundwell et al. (2011), the advantage of upgrading lateritic ores
using screens is that it offers a comparatively cheap method of rejecting nickel-lean minerals

by physical separation in comparison with methods such as leaching.

For the ore top size of =12.5 mm, results indicated that the ore contained 1.93 mass% NiO
with an LOI of 11.1%. This is a 4.93 mass% decrease in NiO content and 17.4 mass%
decrease in Fe203z content in comparison with the plant feed. A (SiO2)/(Al20z + Fe203) mass
ratio of 2.62 was obtained. The —=12.5 mm fraction cannot therefore be classified as a true
laterite, but rather as a non-lateritic tropically weathered ore. Table 22 summarises the XRF
results; detailed results are presented in Appendix 1.
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Table 22: X-ray fluorescence analysis of ore
Component, mass %

Analyte ROM* —-6.3 mm fraction -12.5 mm fraction
SiO2 41.6 37.6 44.2
Al203 2.80 4.18 2.67
Fe203 17.2 21.9 14.2
NiO 2.03 2.15 1.93
MgO 23.0 194 28.8

Fe (Total) 12.0 15.3 9.93

Ni (total) 1.60 1.69 1.52

Fe/Ni 7.54 9.07 6.55
(SiO2)/(Al203 + Fe203) 2.08 1.44 2.62
LOI 11.0 12.4 11.1

*ROM: run-of-mine (as-received) material

An assay by size analysis was carried out on the ROM sample (Figure 43). The results

indicate that both the iron and nickel grades increased with decreasing particle size. At a top

size of 26 500 pum, Fe203, and NiO grades of 8.50% and 1.44% were reported, respectively,

whilst at the bottom size of 25 um, Fe203 and NiO grades of 27.0% and 2.52% were

reported, respectively. Particle size mass distributions were used to calculate grades of

16.8% Fe203 and 2.00% NiO. Detailed assay-by-size XRF analyses are presented in

Appendix 1.
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Figure 43: Distributions of major oxide components between different size fractions
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Quantitative XRD analyses of the ROM, -6.3 mm, and -12.5 mm feed samples are
presented in Table 23. The results indicate that the ore consisted primarily of silicates:
lizardite (MgsSi2Os(OH)4) (a silicate of the serpentine group), quartz (SiO2) (a framework
silicate), and forsterite (Mg1.sFe0.2Si04) (a ring silicate of the olivine group). Iron was primarily

contained in non-silicate minerals: hematite (Fe203) and magnetite (Fe3Oa).

For the ore top size of —6.3 mm, the results indicate an 18.1% reduction in the mass% quartz
(11.8% to 9.66%), which is the most common iron-containing gangue mineral. Magnesium-
rich olivine (forsterite), which is detrimental to smelting, was also rejected, with the results
indicating a 18.7% reduction (6.36% to 5.17%). A (SiO2)/(Al203 + Fe203) mass ratio of 1.44
(Table 22) was obtained, indicating that the upgraded ore was a true laterite, according to
the expanded definition (Gidigasu, 1976).

Table 23: Quantitative X-ray diffraction analysis of feed samples
Mineral, mass %

Mineral ROM -6.3 mm fraction -12.5 mm fraction
Amorphous 34.3 40.7 15.2
Chlorite 6.51 6.53 15.0
Enstatite 1.37 4.14 5.70
Forsterite 6.36 5.17 16.2
Hematite 1.30 2.96 1.30
Hornblende 5.42 6.88 3.10
Lizardite 22.8 18.8 18.0
Magnetite 4.19 5.16 -
Quartz 11.8 9.66 11.3
Talc 5.86 = 14.2

XRF analysis confirmed that the ore was a saprolititc laterite. Gleeson, S.A et al. (2004)
confirmed that saprolites are dominated by an amorphous phase. Work by Bolafios-Benitez
et al. (2020), which studied the potential release of Cr from solids to surface water and
groundwater in a nickel laterite deposit from Barro Alto, also noted the presence of an
amorphous phase. Back-scattered electron image (BEI) and X-ray mapping analyses were

conducted on the three feed samples. The results are presented in Appendix 2.

Quantitative XRD analyses generated the stoichiometries of prominent phases present in
the ore. These stoichiometries were used, together with individual EDS spectrum analyses,

to distinguish and calculate the EDS-based stoichiometry for each phase.
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The observed phases in the ROM sample included hornblende
(Cai.eNao.44Ko.0sMgs.16Fe1.6s8Al1.54Tio.17Sie.76024H1.98), lizardite ~ (MgsSi2Os(OH)4),  quartz
(Si0O2), and chlorite (Mg11.12Feo.87Sis.11Al2.88036H16), Which are in agreement with the phases
identified by quantitative XRD analysis. EDS compositions of the samples and
stoichiometries of the observed phases are presented in Appendix 3. For all samples, the
chemical composition of quartz was typically close to 100% SiO2, although EDS analysis
indicated the presence of Mg, Al, and Fe. This was likely due to small inclusions of other
minerals or liquid infillings in cavities within the quartz (Deer at al., 1966). A spinel-group
mineral was also identified for the ore top size of —12.5 mm. The general formula of the
spinel-group minerals is A>*B2°*0a4, where A may either be Mg, Fe?*, Zn, Mn, Ni, Co, Cu, or
Ge, and B can be Al, Fe®**, Cr, V, or Ti. The stoichiometry and composition of the spinel

mineral are presented in Appendix 3.

XRF analysis showed the ore contained an average of 23.7 mass% MgO. In higher MgO
laterites, Ni2* readily replaces Mg?* due to similar ionic radii, making the laterites difficult to
reduce. EDS analysis confirmed this, showing Ni in chlorite, enstatite, forsterite, and
lizardite. The amorphous phase primarily contained magnesium, silica, iron, aluminum,
nickel, and chromium, with traces of potassium, calcium, manganese, and rutile. Detailed
compositions are in Table 25 and Appendix 3. Amorphous phases are detectable in XRD
due to their broad, diffuse peaks, while scanning electron microscopy (SEM) cannot
distinguish them as it provides high-resolution surface images without atomic-level structural
details. The EDS composition of these phases was determined based on an overall chemical

balance.

Table 24: Calculated amorphous phase compositions in feed samples
Component mass, %

Analyte
ROM —6.3 mm -12.5 mm
MgO 18.80 18.08 44.40
SiO2 38.49 30.53 25.42
Fe20s3 34.00 33.27 21.70
AlzO3 0.62 8.23 2.60
NiO 4.13 3.91 1.97
Cr203 3.24 2.40 1.72
K20 0.09 0.09 0.06
CaO 0.09 0.68 1.00
MnO 0.22 1.14 0.63
TiO2 0.22 0.22 0.09
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5.2.Summary of ore characterisation results

The nickel content in laterites can be upgraded by selective mechanical removal of silica
and/or by rejecting low-grade constituents. This is ordinarily accompanied by a change in

ore chemistry (Dalvi et al., 2004).

Comparison of the XRF analyses comparison between the ROM, -6.3 mm, and -12.5 mm
fractions indicated better ore upgrading when screening at -6.3 mm (Table 22). The ROM
sample graded 2.03 mass% NiO and 17.2 mass% Fe203: screening at -6.3 mm and -12.5
mm indicated grades of 2.15 mass% NiO, 21.9%Fe203 and 1.93 mass% NiO, 14.2 mass%

Fe20s, respectively.

The degree to which ores have been laterized may be determined by the
(SiO2)/(Fe20s3 + Al203) ratio (Gidigasu, 1976). The —12.5 mm fraction yielded a ratio of 2.62;
the plant feed and —-6.3 mm fraction yielded 2.08 and 1.44, respectively. In accordance with
the definition presented by Gidigasu (1976), detailed in Section 2.6, the ROM and -12.5 mm
fraction may be considered to be non-lateritic tropically weathered ores; the —6.3 mm fraction

may be considered to be lateritic.

According to Dalvi et al. (2004), ores suited for production of high-carbon ferronickel are
characterized by low Fe/Ni ratios (5-6), whilst low-carbon ferronickel may be produced from
saprolitic ores with relatively high Fe/Ni ratio (6—12). Low-carbon ferronickel is a result of
mildly reducing conditions in the furnace, which prevents excessive iron reduction and
ferronickel that is overly dilute in nickel (Crundwell et al., 2011). The results indicate that
briquettes produced at ore top sizes of both 6.3 mm and -12.5 mm are suitable for

production of low-carbon ferronickel, with Fe/Ni ratios of 6.55 and 9.07, respectively.

The phases reported by quantitative XRD analysis were largely in agreement with those
reported by Rhamdhani et al. (2009), Selivanov et al. (2020), and Yang et al. (2019). The
analyses indicated that the -12.5 mm feed constituted 14.2 mass% talc; no talc was
observed in the -6.3 mm feed. Talc is the softest mineral on the Mohr’s hardness scale. It
is thus reasonable that the presence of talc could lead to a reduction in the briquette
compressive strength at —12.5 mm top size. Selivanov et al. (2020) further showed that

reduction of nickel and iron from serpentine commences at temperatures above 1250°C.
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Based on these findings and the presence of lizardite in both the —6.3 mm and -12.5 mm
fractions, it was not expected that either nickel or iron would be reduced because all tests

(DI, RI, RDI, and Linder furnace testing) were conducted at temperatures below 1250°C.

Table 25 summarises the partitioning of iron and nickel in the different minerals, as
determined by EDS analysis. The averages were calculated from five analysis for each
mineral. According to Yang et al. (2019), pyroxene particles generally exhibit a porous
structure, with large pores on the surface and in their interior. The generally porous structure
of the pyroxenes means that both nickel and iron from these phases are expected to be

relatively easily accessible by the gaseous reductant.

EDS analyses indicated 5.43 mass% Fe content in the pyroxene at a top size of -6.3 mm
and 7.51 mass% Fe at a top size of =12.5 mm. Comparing the nickel contents, no nickel
was reported in the pyroxene phase at -6.3 mm, but 1.72 mass% nickel was reported in
-12.5 mm material. This suggests that a higher degree of iron reduction from the pyroxene

phase is expected from the larger briguettes.

Both -6.3 mm and -12.5 mm materials had comparable amounts of iron and nickel in the
olivine phase (forsterite). Yang et al. (2019) stated that olivines are characterised by a
compact and dense structure, which means that the likelihood of nickel and iron reduction
from these phases is significantly lower. Elliott et al. (2016) reported that reduction of iron
and nickel is easier from pyroxene minerals. These findings suggest that that a higher
degree of reduction will be obtained in briquettes produced from ore top size of —=12.5 mm,
given the marginally higher iron and nickel contents in the pyroxene phase.

Table 25: Average iron and nickel concentrations in main minerals identified in —=6.3 mm and -12.5
mm fractions, as determined from energy-dispersive spectroscopy analysis

Phase Mineral group ~63 mn.l ~125 mr’rT
Fe, mass%  Ni, mass% Fe, mass% Ni, mass%

Enstatite Pyroxene 5.43 - 7.51 1.72
Forsterite Olivine 6.27 1.22 6.31 1.32
Hornblende Amphibole 2.52 - 6.54 2.52
Iron oxide Oxide 57.5 2.50 67.9 1.95
Lizardite Serpentine 8.49 1.50 - -
Quartz Silica 4.10 - 1.65 -
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In comparing mineralogies of feed and reduced laterite ore, Rhamdhani et al. (2009)
concluded that the prominent phases on completion of reduction were olivine, magnetite,
quartz, and chromite. Minor phases included forsterite, nickeloan, pyroxene, serpentine,
Ca—Mg silicate, Fe—Mg—Al silicate, Al-rich olivine, and Al-rich chromite. These authors
further reported that the particles in the reduced ore had similar characteristics to those in
the feed. On studying the reduction behaviour of garnieritic lateritic nickel ores, Yang et al.
(2019) found that the prominent phases in the reduced ore were talc, chlorite, pyroxene,
olivine, quartz, and wustite. While it is anticipated that ferronickel alloy particles will form on
completion of reduction, Rhamdhani et al. (2009) concluded from SEM observation that it
was difficult to distinguish the ferronickel alloy from oxides. Yang et al. (2019) stated that
EDS analysis of ferronickel alloy particles on completion of reduction testing was
inconclusive, because the particles were of submicron size. Selivanov et al. (2020),
however, reported that reduction of metals in the ore, leading to the formation of iron—nickel

alloy, was prevalent at temperatures above 1200°C in the presence of a reducing gas.

5.3.Briquette test results
5.3.1.Briquette yield

The green briquette yield was calculated for each batch of briquettes produced using
Equation 3.5. At a briquette ore top size of -6.3 mm and 16% moisture content, an average
green briquette yield of 85.2% was measured (Appendix 4). Increasing the moisture content
proved to have a detrimental effect, with an average green briquette yield of 67.7% at a
moisture content of 24%.

At a briquette ore top size of —12.5 mm and moisture content of 16%, an average green
briquette yield of 88.4% was measured. Increasing the moisture content had a detrimental
effect, with an average green briquette yield of 78.2% for a moisture content of 24%.

5.3.2.Drop number and compressive strength

All briguette batches were subjected to a 2 h curing period, as described by the Anglo
American (Value-In-Use) standard method (Section 3.6.2). Drop humber and compressive

strength measurements were then conducted.
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The compressive strength results of the green briquette measured over a 96 h period are
illustrated in Figure 44 and Figure 45 for the -6.3 mm and -12.5 mm briquette ore top sizes,
respectively. The results indicate improved briquette compressive strength for the ore top
size of -6.3 mm.

As stated in Section 2.3.4, compressive strength increases with an increase in the proportion
of the fine fraction, given that finer particles allow for increased contact area between
particles and hence formation of stronger interparticle bonds. As indicated in Section 4.1.1,
the —6.3 mm ore top size consisted of 19.1% —-500 um material, in comparison with 15.2%
for the —12.5 mm fraction. Owing to an increased surface area in finer particles, inter particle
forces increase, which subsequently enhances strength of the briquettes (Satyananda et al.,
2017).

In comparing the briquette compressive strength for each size fraction, the results indicate
that the compressive strength increased with decrease in moisture content. As discussed in
Section 2.3.5, an increase in moisture content is associated with a decrease in the surface
energy due to physical absorption, which causes a decrease in the strength, in a
phenomenon referred to as the Rhebinder effect. Figure 45 indicates a significant increase
in the briquette compressive strength at 96 h for 16% moisture content under open curing
conditions. Using the Grubs test (Aslam, 2020) for outliers at 95% confidence, this data point

was determined to be an outlier.
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Figure 44: Green briquette compressive strength over 96 h for briquette ore top size of =6.3 mm
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Figure 45: Green briguette compressive strength over 96 h for briquette ore top size of =12.5 mm

Increasing the moisture content had a detrimental effect on both the drop number and

compressive strength. These results are presented in Appendix 4.

The green briguette yield and compressive strength results are in agreement with results
reported by Vining et al. (2017), who evaluated the performance of briquettes produced from
hematite—goethite iron ore. Their results showed that green briquette compressive strength
increased with decreasing moisture content. The study further noted that higher briquette

yields were associated with improved briquette strength, whilst lower briquette yields were
associated with poor briquette strength.

The main-effect plot of green briquette compressive strength is illustrated in Figure 46. The
results indicate that moisture content had a far greater significance on compressive strength
in comparison with curing condition at a briquette ore top size of -6.3 mm; however, the
opposite is true for a briquette ore top size of —=12.5 mm.

Curing type Moisture content (%) Curing type Moisture content (%)
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Figure 46: Main-effects plot of green briquette compressive strength, left at briquette ore top size of
-6.3 mm and right at a briquette ore top size of =12.5 mm
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The interaction plots between moisture content and curing condition on green briquette
compressive strength are presented in Figure 47. No interaction existed between these
parameters on the green briquette compressive strength for the low top size. The change in
average compressive strength from a moisture content of 16% to 24% therefore did not
depend on the curing condition. However, for the larger top size, the interaction plot indicates
that there is an interaction between moisture content and curing conditions. The degree of
interaction is minimal, with only a 35 N difference in briquette compressive strength at 24%
moisture content between the closed and open curing conditions.

500 Curing type 95 Curing type
—e— Clased - —e— Closed
—B— Open B Open

% T -m
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85
400
80

300
5

Compressive strength (N)
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Figure 47: Interaction plot of green briquette compressive strength, left at briquette ore top size of
-6.3 mm and right at a briquette ore top size of =12.5 mm

5.3.3.Tumble strength and abrasion index test

Briquettes produced from the top size of =12.5 mm (briquettes produced in the laboratory
using the 20 t test rig) disintegrated completely after the Tl test (Figure 48).

Figure 48: =12.5 mm briquettes after tumble index test
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The Tl and Al test results are presented in Table 26, the averages are presented according
to moitsure content for both the -6.3mm briquette ore top size and the -12.5mm briquette
ore to size. Both indices decreased as the moisture content increased. This trend is
consistent with the findings of Li et al. (2022), who studied the effect of moisture content on
limonitic nickel laterites and found that increasing the moisture content from 14% to 21%
had a beneficial effect on TI, but at moisture contents greater than 21%, the Tl deteriorated.
Although moisture helps to bind particles together into agglomerates (Section 2.5.1), the
results suggest that too much moisture can make agglomerates susceptible to

disintegration.

At the briquette ore top size of —-6.3 mm, average Tl of 93.4% and 87.1% were measured
for moisture contents of 16% and 24%, respectively. The corresponding Al values were
4.99% and 6.82%, respectively.

At a briquette ore top size of -12.5 mm, average Tl and Al values of 40.5% and 13.4%,
respectively, were measured for 16% moisture content. Increasing the moisture content to
24% had a marginal effect on both values: average TI and Al were 41.9% and 14.7%,
respectively, which represents 3.46% and 9.70% increases with the increase in moisture

content. Detailed results are presented in Appendix 5.

Table 26: Tumble index and abrasion index test results

Briquette  Moisture, Curing TI, Average TI, Al, Average Al,
ore top % condition % >6.3 mm moisture % < 0.5 mm moisture
size specific specific
16 Open 95.5 3.63
93.4 4.99
16 Closed 914 6.35
-6.3 mm
24 Open 89.2 6.07
87.1 6.82
24 Closed 85.0 7.58
16 Open 40.3 13.0
40.5 13.4
16 Closed 40.7 13.7
-12.5 mm
24 Open 35.2 13.1
41.9 14.7
24 Closed 48.5 16.2

The main-effects and interaction plots of the Tl and Al are illustrated in Figure 49 and Figure
50, respectively. The main-effects plot indicates that, at a briquette ore top size of =6.3 mm,
the moisture content had a greater significance on the Tl than the curing condition (Figure
49). At a briquette ore top size of —12.5 mm, curing conditions had the more significant

impact on the TI.
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Figure 49: Main-effects plot of tumble index, left at briquette ore top size of —6.3 mm and right at a
briquette ore top size of =12.5 mm

The interaction plot indicates that there no interaction exists between moisture content and

curing condition on the Tl at the briquette ore top size of —-6.3 mm; however, there is a strong

interaction at the briquette ore top size of -12.5 mm (Figure 50). This suggests that at a

briquette ore top size of -12.5 mm, the Tl is strongly influenced by the interaction between

moisture content and curing conditions.
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Figure 50: Interaction plot of tumble index, left at briquette ore top size of —6.3 mm and right at a

briquette ore top size of -12.5 mm

The main-effects and interaction plots of the Al are illustrated in Figure 51 and Figure 52

respectively. The main-effects plots indicate that for both briquette ore top sizes, curing

condition has far greater significance on the Al than the moisture content. The results

indicate that the lowest Al was obtained under open curing conditions.
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Figure 51: Main-effects plot of abrasion index, left at a briquette ore top size of —6.3 mm and right at a
briquette ore top size of =12.5 mm

The interaction plots show minimal interaction between the moisture content and curing

conditions, and illustrate that the Al is sensitive to moisture content under both open and

closed curing conditions.
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Figure 52: Interaction plot of abrasion index, left at a briquette ore top size of —=6.3 mm and right at a

5.3.4.Reducibility index

5.3.4.1.Degree of reduction

briquette ore top size of -12.5 mm

In the RI test, oxygen was removed from the briquettes by heating to 800°C under reducing
conditions, with a Po2 of 96.2 kPa (Section 4.8, Table 18). The temperature and gas profiles,

and different stages in the reduction process are illustrated in Appendix 6. The mass loss

per stage was recorded using a balance that was integrated into the RI furnace.

The results presented in Table 27 indicate a decrease in the degree of reduction with an

increase in moisture content for both briquette top sizes.
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These results indicate a similar trend to that observed by Goenka and Naik (2013), who
noted a decrease in the degree of iron reduction with an increase in moisture content from
13% to 15%. Murakami et al. (2009) and Li (1999) (Section 2.3.5) also asserted that an
increase in moisture content had a detrimental effect on the degree of reduction, with the

latter attributing this effect to the presence of water vapour.

The percentage decrease in degree of reduction per percentage increase in moisture
content was calculated according to equation 31. For open-cured briquettes with the ore top
size of -6.3 mm, a 0.31% decrease in the degree of reduction was measured for a 1%

increase in moisture content. This value increased to 1.14% under closed curing conditions.

Table 27: Summary of reducibility index test results

Briquette ore Moisture, Curing Average Average
top size % condition mass loss, g reduction, %
16 Open
132.5 33.4
16 closed
=6.3 mm
24 open
165.1 27.6
24 Closed
16 Open
124.0 39.9
16 closed
-12.5 mm
24 open
135.0 37.5
24 Closed

The volume and density analysis results for the briquette ore top size of -6.3 mm indicate a
correlation between the volume shrinkage (density increase), Tl, and Al. The change in the
density is primarily due to reduction of hematite (Fe203) to magnetite (FesOas). A volume
shrinkage of 24.8% and density increase of 11.9% were recorded for a moisture content of
16%; these values were 32.2% and 30.4%, respectively, for 24% moisture (Appendix 5).
The results indicate a similar trend to those reported by Chen (2019), who observed a
volume shrinkage and density increase on reduction of hematite to magnetite at1456°C.
Setiawan et al. (2022) concluded that the volume shrinkage is dependent on reduction
temperature and reaction time, and is closely related to thermal history and degrees of
reduction and metallization. Wang (2018) stated that the volume shrinkage increased with

increasing reduction temperature.

The main-effects plots and interaction plots are illustrated in Figure 53 and Figure 54

respectively. The main-effects plots indicate that moisture content has a far greater
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significance on the degree of reduction than the curing condition for the briquette ore top
size of -6.3 mm (Figure 53). For the briquette ore top size of -12.5 mm, however, curing

conditions have a far greater impact on the degree of reduction than moisture content.
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Figure 53: Main-effects plot of degree of reduction, left at a briquette ore top size of —-6.3 mm and
right at a briquette ore top size of -12.5 mm

The interaction plots indicate that an interaction exists between moisture content and curing
conditions on the degree of reduction for both briquette compositions, with the maximum
degree of reduction obtained at a moisture content of 16% (Figure 54).
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Figure 54: Interaction plot of degree of reduction, left at a briquette ore top size of —-6.3 mm and right
at a briquette ore top size of -12.5 mm

5.3.4.2.Chemical and mineralogical analysis

XRF analyses indicated that the briquettes produced at the ore top size of -6.3 mm
contained an average of 2.72 mass% NiO, 42.3 mass% SiO2, and 27.0 mass% Fe203o0n
completion of the reducibility index tests (Table 28). The calculated analyses gave average

values of 3.04 mass% NiO, 53.2 mass% SiO2, and 31.0 mass% Fe20s.
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The corresponding XRF analyses of the briquettes with ore top size of =12.5 mm gave 2.31
mass% NiO, 46.6 mass% SiOz, and 18.5 mass% Fe203 (Table 28). Detailed XRF analyses

are presented in Appendix 6.

Table 28: X-ray fluorescence analyses of reduced briquette samples

Briquette Component (mass %)
oretop  Description i i
size NiO SiO2 Fe203 Al2O3 MgO Cr203 MnO LOI
6.3 mm Assay 2.72 42.3 27.0 4.58 20.8 1.30 0.42 -0.85
' Calc. 3.04 53.2 31.0 5.91 27.4 1.53 0.52 -
Assay 2.31 46.6 18.5 2.95 27.6 0.92 0.27 -0.45
-12.5 mm
Calc. 2.49 57.1 18.4 3.45 37.2 0.87 0.48 -

Quantitative XRD results indicated that the briquettes of ore top size of -6.3 mm consisted
primarily of enstatite (Mg1.s0F€0.49Si206) (25.7%) and forsterite (Mg1.s2F€0.18Si04) (28.9%) on
completion of the RI test (Table 29). Additional phases included diospide
(Cao.92(Mgo.53F€0.41Al0.14)Si206), hornblende (Cai.7iNao.a6(Mgs.aaFe1.72Al1.10)Sis.00022(OH)2),
magnetite (FesOa4), and quartz (SiOz).

For the briquette ore top size of -12.5 mm, quantitative XRD results confirmed the thermal
decomposition of lizardite into enstatite and forsterite during the RI (the feed contained 18.0
mass% lizardite). On completion of the RI test, the briquettes comprised an average of
42.3% forsterite, 18.5% amorphous phase, 16.5% enstatite, and 7.76% magnetite (Table
29). The results further confirmed the conversion of hematite to magnetite. Detailed
qguantitative XRD results are presented in Appendix 6. The product phases are largely in
accordance with expectations based on prior work, as discussed in Section 2.6.10.

Table 29: X-ray diffraction analysis results for reduced briquettes

Briquette ore Mineral (mass%)
top size Amorphous  Diopside Enstatite  Forsterite Hornblende  Magnetite Quartz
-6.3 mm 26.6 6.17 25.7 28.9 3.84 3.21 5.62
-12.5 mm 18.5 - 16.5 42.3 5.40 7.76 9.50

EDS and X-ray elemental mapping analyses were conducted on the reduced briquettes. The
observed phases included enstatite, forsterite, hornblende, magnetite, and quartz. Wustite
was also observed for the briquette ore top size of —12.5 mm, suggesting that it was present
in trace quantities because it was not detected by quantitative XRD analysis. The BEI and

X-ray elemental maps analyses are given in Appendix 6.
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The EDS mineral compositions of the reduced briquettes also indicate that these silicate
phases (diopside, enstatite, and forsterite) contained iron, nickel, and magnesium. This
observation is in agreement with result reported by Yang et al. (2019), who suggested that
that these elements coexist in a silicate lattice to form a solid solution.

Rhamdhani et al. (2009) conducted EDS analyses on reduced nickel laterite ores, confirming
the presence of nickel in forsterite, magnetite, and enstatite, which is in agreement with the
results of the current study. Results for the briquette ore top size of —12.5 mm showed that

iron was contained primarily in magnetite and wustite.

EDS analysis of the quartz revealed that the average composition closely corresponded to
its stoichiometric composition for both briquette types. X-ray mapping illustrated that trace
amounts of other oxides in the quartz were primarily due to inclusions of other minerals or

to liquid infillings in cavities within the quartz.

Cr-spinel was also observed in both reduced briquette types. This confirmed results of
Selivanov et al. 12020), who also detected impurities of Cr-spinel in a reduced sample. EDS
analyses and stoichiometries of the major phases identified in the briquette samples are

presented in Appendix 6.

5.3.5.Decrepitation index test results

At the briquette ore top size of —-6.3 mm, the results indicate an increase in DI with an
increase in moisture content, under both open and closed curing conditions. Under open
curing conditions, DI values of 0.28% and 0.47% were reported for 16% and 24% moisture
contents, respectively (Table 30). The corresponding DI values under closed curing
conditions were 0.37% and 0.74%, respectively (Table 30). The presence of moisture is
linked to decrepitation of the particles. In general, a high DI is undesirable because it
indicates a higher degree of fines and dust formation, which negatively impact charge

permeability.

The likelihood of disintegration of briquettes and formation of fines increased with an
increase in moisture content. At 16% moisture, an average mass disintegration (mass% of
—-0.5 mm particles) of 0.09% was reported; this value increased to 0.16% at 24% moisture,
indicating a 43.8% increase in fines generation.
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In studying the behaviour of briquettes manufactured from the Azul and Urucum deposits in
Brazil, Faria et al. (2010) concluded that ores with higher moisture content exhibited higher

decrepitation intensity than those with lower moisture content.

At the briquette ore top size of =12.5 mm, the results indicated a marginal decrease in DI
with moisture content: an average DI of 2.34% was reported for 16% moisture, which
decreased to 1.96% for 24% moisture. The likelihood of disintegration of briquettes, resulting
in the formation of fines, decreased marginally with an increase in moisture content. Average
mass disintegrations (mass% —0.5 mm) of 0.36% and 0.26% were measured for 16% and
24% moisture contents, respectively, indicating a 28.6% decrease in the generation of fines.

Detailed DI test results are presented in Appendix 7.

Table 30: Decrepitation index test results
Briquette ore top size —6.3 mm

Moisture, Curing Decrepitation index, Briquette mass disintegration,
% condition % < 6.3 mm % < 3.15 mm % < 0.5 mm
16 Open 0.28 0.19 0.09
16 Closed 0.37 0.23 0.09
Average 0.33 0.21 0.09
24 Open 0.47 0.28 0.14
24 Closed 0.74 0.47 0.18
Average 0.61 0.38 0.16
Briquette ore top size -12.5 mm
Moisture, Curing Decrepitation index, Briquette mass disintegration,
% condition % < 6.3 mm % < 3.15 mm % < 0.5 mm
16 Open 2.24 1.26 0.4
16 Closed 2.44 0.85 0.31
Average 2.34 1.06 0.36
24 Open 2.56 1.14 0.3
24 Closed 1.35 0.71 0.22
Average 1.96 0.93 0.26

The main-effects and interaction plots of the decrepitation index are illustrated in Figure 55
and Figure 56. The main-effects plots indicate that for the briquette ore top size of -6.3 mm,
moisture content had a greater significance on the DI than the curing condition; the opposite

was true for the briquette ore top size of -12.5 mm.
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Figure 55: Main-effects plot of decrepitation index, left at a briquette ore top size of —6.3 mm and right
at a briquette ore top size of =12.5 mm

The interaction plots show an interaction between moisture content and curing condition on
the DI. For the briquette ore top size of —-6.3 mm, a lower DI was obtained at 16% moisture
under open curing conditions; in contrast, for the briquette ore top size of -12.5 mm, a lower

DI was obtained at 24% moisture content under closed curing conditions (Figure 56).
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Figure 56: Interaction plot of decrepitation index, left at a briquette ore top size of =6.3 mm and right
at a briquette ore top size of -12.5 mm

5.3.5.1.Quantitative XRD analysis

Lizardite decomposes into forsterite and enstatite on heating (Section 2.6.5): Lizardite has a
density of 2.55 g/cm?, while those of enstatite and forsterite are 3.20 g/cm?® and 3.33 g/cm?,
respectively. The transformation of lizardite to enstatite and forsterite is accompanied by a
change in density. The change in density induces stress in specific regions, leading to

formation of cracks; disintegration of briquettes is increased by the presence of cracks.

Quantitative XRD results for the feed indicated an average 18.8 mass% lizardite at the ore
top size of -6.3 mm and 18.0 mass% lizardite for the top size of =12.5 mm. Quantitative
XRD analysis carried out on completion of the DI tests indicated averages of 4.80 mass%
and 5.20 mass% lizardite, respectively (Table 31).
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Thermal decomposition of lizardite is in accordance with the findings by Selivanov et al.
(2020), with the results showing an average 74.5 mass% decrease in lizardite for the
briquette ore top size of -6.3 mm and 71.1 mass% decrease for the briquette ore top size
of —12.5 mm. These results suggests that the degree of thermal decomposition of lizardite
is also a function of the available lizardite at inception and that the higher the initial lizardite
content, the greater is the degree of the thermal decomposition. Quantitative XRD analysis
results for the briquettes on completion of the DI tests are presented in Appendix 7.

Table 31: Quantitative X-ray diffraction analysis of briquettes after decrepitation index test
Mineral, mass %

Mineral Briquette ore top size —6.3 Briquette ore top size -12.5
mm mm
Amorphous 43.5 36.4
Clinochlore 7.00 8.98
Enstatite 12.5 8.68
Forsterite 4.38 10.0
Hematite 6.08 4.08
Hornblende 4.63 5.98
Lizardite 4.80 5.20
Quartz 5.73 8.03
Talc 11.6 12.8

5.3.6.Reduction disintegration index results

The zone in which reduction of hematite (Fe203) to magnetite (FesO4) commences along
the shaft of a furnace is referred to as the low-temperature reduction zone. Disintegration of
material in this zone of the furnace shaft is primarily attributed to crack initiation and
propagation, as a consequence of the volume change associated with the reduction (Lu,
2015). The RDI gives a measure of the fines generated when the burden is reduced in this

zone of the furnace.

A summary of the RDI results is presented in Table 32; detailed results are presented in
Appendix 8. Three RDI were calculated: RDl+6.3mm, RDI-3.15mm, and RDIl-0.smm. The results
indicate that with an increase in the briquette ore top size, briquette disintegration increased.
Coarser particles are more prone to defects and cracks, and can serve as stress

concentrators, increasing the likelihood of deterioration of the briquette during reduction.
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Table 32: Reduction disintegration test results
Briquette ore top size -6.3 mm

Moisture, Curing Reduction disintegration index,
% condition RDl+6.3 mm RDl-3.15mm RDl.o.5 mm
16 Open 97.6 2.24 1.59
16 Closed 96.9 2.93 1.93
Average 97.3 2.59 1.76
24 Open 96.9 3.03 2.54
24 Closed 92.4 6.54 4.11
Average 94.7 4.79 3.33
Briquette ore top size -12.5 mm
Moisture, Curing Reduction disintegration index,
% condition RDls6.3mm RDI.3.15mm RDl.05mm
16 Open 79.8 14.4 7
16 Closed 78.3 14.3 6.53
Average 79.1 14.4 6.77
24 Open 69.4 16.9 6.35
24 Closed 72.7 17.7 7.8
Average 71.1 17.3 7.08

Quantitative XRD analysis conducted on the briquettes following the RDI tests confirmed
conversion of hematite to magnetite. For the briquette ore top sizes of -6.3 mm and -12.5
mm, averages of 8.64 and 5.05 mass% magnetite formed during the reduction test,
respectively. These results confirm the phenomenon reported by Lu (2015), who attributed
the disintegration of particles to this reaction. Quantitative XRD analysis results are
presented in Appendix 8.

The main-effects and interaction plots are presented in Figure 57 to Figure 59 and Figure
60 to Figure 62, respectively. The main-effects plots of RDl+s.3mm indicate that for the
briquette ore top size of =6.3 mm, the impacts of moisture content and curing condition on
the RDI are comparable; however, for the briquette ore top size of —12.5 mm, the moisture

content has a far greater impact on the RDI.

The main-effects plots of RDI-o.smm indicate that for the briquette ore top size of —-6.3 mm,
moisture content has the most prominent impact. For the briquette ore top size of —=12.5 mm,
however, curing conditions have a greater impact on the RDI. The main-effects plot further
indicates that for the briquette ore top size of —=6.3 mm, the minimum RDI (RDIl-0.smm) was
obtained at a moisture content of 16%, while for the briquette ore top size of -12.5 mm,

RDI-0.5mm was obtained under open curing conditions.
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Figure 57: Main-effects plot of RDI+s3mm, l€ft at a briquette ore top size of =6.3 mm and right at a
briquette ore top size of =12.5 mm
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Figure 58: Main-effects plot of RDI-315mm, left at a briquette ore top size of —6.3 mm and right at a
briquette ore top size of =12.5 mm
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Figure 59: Main-effects plot of RDI-gsmm, left at a briquette ore top size of —6.3 mm and right at a
briquette ore top size of —=12.5 mm

The interaction plots (Figure 60 to Figure 62 show that there is an interaction between

moisture content and curing conditions on the RDI. The optimum RDIl+6.3mm was obtained at

a moisture content of 16% under open curing conditions for both briquette types. For both

briquette types, RDI-osmm was obtained at a moisture content of 16% under open curing

conditions. Appendix 8 presents the main-effects and interaction plots for RDI-3.15mm.
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Figure 60: Interaction plot of RDl:s3mm, left at a briquette ore top size of —6.3 mm and right at a

briquette ore top size of =12.5 mm
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Figure 61: Interaction plot of RDI-315mm, l€ft at a briquette ore top size of —6.3 mm and right at a

briquette ore top size of -12.5 mm
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Figure 62: Interaction plot of RDI-osmm, left at a briquette ore top size of —6.3 mm and right at a

briquette ore top size of -12.5 mm
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5.3.7.Linder furnace test results

5.3.7.1.Disintegration index

Linder furnace tests were conducted to simulate conditions in a rotary kiln. The objective
was to evaluate the disintegration of briquettes when tumbled, heated, calcined, and
reduced. Figure 63 illustrates the briquettes after Linder furnace testing. The briquettes

disintegrated completely at a top size of =12.5 mm, generating significant amounts of fines.

(b)

Figure 63: Top size (a) —6.3 mm and (b) -12.5 mm briquettes after Linder furnace test

Disintegration of the briquettes, resulting in the generation of fines (mass% -0.5 mm),
increased with briquette ore top size (Table 33). These findings are similar to those observed
by Rojas Arias et al. (2018), who reported that disintegration increased with an increase in

particle size when a sample was subjected to Linder reactor conditions.

An increase in briquette disintegration with an increase in moisture content was also noted.
These results suggest that although moisture can act as a binding agent, excessive moisture
may weaken bonds between the particles in the briquette, thereby leading to higher degree
of disintegration. It may be inferred that higher moisture content could lead to a higher
degree of swelling, which could cause greater porosity, making the briquettes more prone
to disintegration and leading to excessive fines generation. For the briquette ore top size of
-12.5 mm, under open curing conditions and a moisture content of 16%, 27.5 mass%
exhibited a particle size > 6.3 mm; under closed curing conditions, this value was 23.3
mass%. The results indicate a greater degree of disintegration for this briquette ore top size.
Detailed results are presented in Appendix 9.
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Table 33: Summary of Linder furnace tests briquette mass disintegration
Average mass disintegration index, %

Briquette ore top
size

-6.3 mm

-12.5 mm

Moisture,

%

16
16
24
24
16
16
24
24

Curing

condition

Open
Closed
Open
Closed
Open
Closed
Open
Closed

+6.3 mm -3.15 mm
95.3 4.5
70.3 214
254 50.3
30.3 45.5

-0.5 mm

3.8

11.3

25.1

19.8

A comparative analysis of the PSD of the briquettes after the Linder furnace tests was

conducted for the briquette ore top size of —6.3 mm with those reported by Anglo American

(Value-In-Use). The results, presented in Table 34, showed averages of 96.1 mass% +10

mm and 2.93 mass% —-0.5 mm. Standard deviations were calculated for each particle size

classes. According to the empirical rule, 95% of all observations in a data set should fall

within two standard deviations (Stdev) of the mean. In this case, the standard deviations

ranged from 0.13-1.45, which implies that the results from the current study are comparable

with those obtained from Anglo American.

Table 34: Particle size distributions of briquettes after Linder test
Current study (briquette ore top

Screen size,

mm 16% moisture
(Open cure)

10 95.7
-10+6.3 0.18
—-6.3+3.15 0.3
-3.15 +0.5 0.57
-0.5 3.26

size of =6.3 mm)

16% moisture
(Closed cure)

94.2
0.34
0.33
0.86
4.24

Anglo American Study

15% moisture

15% moisture

96.7
0.11
0.13
0.73
2.34

Average,
mass%

(No reduction)

97.6
0.03
0.04
0.39
1.9

96.1
0.16
0.2
0.64
2.93

Stdev

1.45
0.13
0.14
0.2
1.04

The main-effects and interaction plots of the briquette mass disintegration are presented in

Figure 64 and Figure 65 and in Figure 66 and Figure 67, respectively. The main-effects plot

indicates that moisture content was the most significant parameter for both briquette ore top

sizes. Furthermore, curing conditions had a minimal effect on disintegration of the briquettes.
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Figure 64: Main-effects plot of mass disintegration (+6.3 mm), left at a briquette ore top size of —6.3

mm and right at a briquette ore top size of -12.5 mm
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Figure 65: Main-effects plot of mass disintegration (=0.5 mm), left at a briquette ore top size of —6.3

mm and right at a briquette ore top size of -12.5 mm

For the briquette ore top size of —6.3 mm, the interaction plots indicate that no interaction

exists between moisture content and curing conditions with respect to the disintegration of

the briquettes (both mass% +6.3 mm and mass% —0.5 mm) however, for briquette ore top

size of -12.5 mm, there was a strong interaction between these variables for both size

fractions. Figure 67 shows that for the briquette ore top size of -12.5 mm, optimal conditions

with regards to disintegration of briquettes can be set at a moisture content of 24% under

open curing conditions.
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Figure 66: Interaction plot of mass disintegration (+6.3 mm), left at a briquette ore top size of =6.3 mm

and right at a briquette ore top size of =12.5 mm
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Figure 67: Interaction plot of mass disintegration (-0.5 mm), left at a briquette ore top size of —-6.3 mm
and right at a briquette ore top size of -12.5 mm

5.3.7.2.Compressive strength and drop number tests

Compressive strength and drop number tests were conducted on product briquettes on
completion of the Linder furnace tests. These results are presented in Appendix 9. Eight

compressive strength analyses were carried out for each batch of briquettes.

For the briquette ore top size of —6.3 mm, under open curing conditions at 16% moisture
content, an average compressive strength of 852 N was attained with an average drop
number of 12.4; for 24% moisture content, an average compressive strength of 228 N and
average drop number of 1.67 were attained. These results illustrate that an increase in
moisture content adversely affected the compressive strength and drop number, under both
open and closed curing conditions. At 16% moisture content, the average compressive
strength was 945 N and average drop number was 11.0; the respective values for 24%
moisture were 188 N and 1.67. Notably, at 24% moisture content under closed curing

conditions, the briquettes completely disintegrated during the Linder furnace testing.

For the briquette ore top size of —12.5 mm, the briquettes completely disintegrated in the
Linder furnace test, leaving no whole briquette available for compressive strength or drop

number testing.

5.3.7.3.Chemical and mineralogical analysis

Detailed XRF analyses conducted on the briquettes on completion of the Linder furnace
tests are presented in Appendix 9. The briquettes of ore top size of -6.3 mm assayed
averages of 2.57 mass% NiO, 42.3 mass% SiO2, 25.7 mass% (Fe203 + Fe304), and
(SiO2)/(Al203 + (Fe203 + Fe304)) mass ratio of 1.39.
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The corresponding values for the briquette ore top size of =12.5 mm were 2.23 mass% NiO,
45.9 mass% SiOz, 16.3 mass% Fe20s3, and (SiO2)/(Al203 + Fe203) mass ratio of 2.43. These
results are consistent with the feed ore assays, for which (SiO2)/(Al203 + (Fe203 + Fez04))
ratios of 1.44 and 2.62 were obtained for feed ore top sizes of 6.3 mm and -12.5 mm,

respectively. Table 35 presents a summary of the XRF analyses .

Table 35: X-ray fluorescence analyses of briquettes after Linder furnace tests

Briquette Component, average mass %

oretop size o SiO2 Fe:0s ALO3 MgO Cr.0s  MnO LOI
-6.3 mm 2.57 42.3 25.7 4.68 22.0 1.20 0.42 0.16
-12.5 mm 2.23 45.9 16.3 2.65 29.7 0.76 0.23 1.36

Quantitative XRD analyses of the briquettes, presented in Table 36, indicate that they

primarily consisted of enstatite, forsterite, quartz, magnetite, and hornblende.

Table 36: Quantitative X-ray diffraction analysis of briquettes after Linder furnace tests
Mineral, mass %

Mineral —6.3 mm -12.5 mm
Amorphous 30.3 18.0
Diopside 6.51 -
Enstatite 19.6 12.94
Forsterite 26.6 53.1
Hornblende 4.79 4.80
Magnetite 4.56 2.71
Quartz 6.02 8.46
Hematite 1.52 -

EDS analysis and X-ray elemental mapping were conducted on the briquette samples on
completion of the Linder furnace tests, the results of which are presented in Appendix 9. The

observed phases from BEI were enstatite, hornblende, diopside, quartz, and forsterite.

Additionally, a Cr-spinel was observed for both briquette types. The latter accords with
results presented by Rhamdhani et al. (2009). Wustite and an FeNi alloy were also observed
for the briquette ore top size of -12.5 mm. These phases were not observed at the detection
limit of quantitative XRD, so it may be concluded that they were present in trace amounts.

EDS analysis of the briquettes and stoichiometries of the major phases present in the

briquettes after the Linder furnace tests are presented in Appendix 9.
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5.4.Summary of main and interaction plots

A summary of the main-effects and interaction plots from the test programme is shown in
Table 37. The results indicate that moisture content had the greatest effect on briquette
properties for a top size of —-6.3 mm, while curing conditions had the greatest effect for a top

size of =12.5 mm.

The results indicate that for briquette ore top size of -12.5 mm, an interaction between
moisture and curing conditions existed for all parameters tested. For the briquette ore top
size of —6.3 mm, there was no interaction effect between moisture content and curing
conditions on the briquette compressive strength, TI, and Linder furnace briquette

disintegration indexes.

Table 37: Main-effect and interaction plots summary

Main effect Interaction
Parameter -6.3 mm ~12.5 mm ~6.3 mm ~12.5 mm
Compressive strength (N) Moisture Curing No interaction v
Tumble index (% +6.3 mm) Moisture Curing No interaction v
Abrasion index (% -0.5 mm) Curing Curing v v
Degree of reduction (%) Moisture Curing v v
Decrepitation index (% —0.5 mm) Moisture Curing 4 4
RDl+6.3mm (% +6.3 mm) - Moisture v v
RDI--3.15mm (% —3.15 mm) - Moisture 4 v
RDI-0.5mm (% —0.5 mm) Moisture Curing v v
Linder +6.3mm (% +6.3 mm) Moisture Moisture No interaction 4
Linder -0.5mm (% —0.5 mm) Moisture Moisture No interaction v

5.5.Analysis of variance

The ANOVA technique was adopted to assess whether differences between the measured
responses are statically significant at different factor levels. The ANOVA test criteria are

presented in Section 3.7. The test statistics were as follows:

e Null hypothesis: All means are equal (measured responses, yield, compressive
strength, TI, etc.);

e Alternative hypothesis: Not all means are equal;

e Significance level (a): 0.05;

e Confidence interval: 95%.
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5.5.1.Green briquette compressive strength

A summary of the green briquette ANOVA results is presented in Table 38. The p-value
indicates that owing to the curing conditions, the difference in the average green briquette
compressive strength is not statistically significant. Owing to moisture content, the difference
in average green briquette compressive strength is only statistically significant for the

briquette ore top size of -6.3 mm.

Table 38: ANOVA of the green briquette compressive strength

Briquette ore top size -6.3 mm  Briguette ore top size =12.5 mm
Factor analysed
p-value

Effect of curing condition 0.848 0.112
Effect of moisture content 0.034 0.130

5.5.2.Tumble strength and abrasion index

A summary of the Tl and Al ANOVA results is shown in Table 39. The p-value indicates that
the difference in the Al and TI at different moisture content levels and curing conditions is
not statistically significant.

Table 39: ANOVA analysis of tumble and abrasion indices

Tumble index, mass% +6.3 mm

Bri r ize -6.3 mm Bri r ize -12.5 mm
Factor analysed guette ore top size —6.3 guette ore top size 5

p-value

Effect of curing condition 0.453 0.353

Effect of moisture content 0.163 0.572
Abrasion index, mass% —0.5 mm

Factor analysed Briquette ore top size —-6.3 mm  Briquette ore top size -12.5 mm

p-value

Effect of curing condition 0.302 0.544

Effect of moisture content 0.387 0.384

5.5.3.Reducibility index

A summary of the RI test ANOVA results is presented in Table 40. The p-value indicates
that the difference in the degree of reduction at different moisture content levels is not
statistically significant. For the briquette ore top size of =12.5 mm, the difference in degree

of reduction at different curing conditions is statistically significant.

Table 40: ANOVA of degree of reduction
Degree of reduction, %

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
Factor analysed
p-value

Effect of curing condition 0.557 0.055
Effect of moisture content 0.221 0.808
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5.5.4.Decrepitation index

The DI test ANOVA results are given in Table 41. The p-value indicates that the difference
in the DI, mass% —3.15 mm, and mass% —0.5 mm, at different moisture content levels and

curing conditions is not statistically significant for the briquette ore top size of —-6.3 mm.

Table 41: ANOVA of decrepitation index

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
p-value
0.503 0.468
0.263 0.594

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
p-value
0.507 0.045
0.323 0.704

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
P-value
0.744 0.334
0.073 0.255

5.5.5.Reduction disintegration index

The RDI test ANOVA results are given in Table 42. The p-value indicates that the difference
in the RDI at different moisture content levels and curing conditions is not statistically

significant for either briquette type.

Table 42: ANOVA of reduction disintegration index

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
p-value
0.455 0.346
0.449 0.815

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
p-value
0.446 0.345
0.423 0.607

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
p-value
0.538 0.399
0.285 0.343
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5.5.6.Linder furnace

A summary of the Linder furnace material disintegration ANOVA results is presented in
Table 43. For the briquette ore top size of —-6.3 mm, the p-value indicates that the difference
in the mass disintegration (mass% +6.3 mm, mass% -3.15 mm, mass% -0.5 mm) at
different moisture contents is statistically significant; however, the same conclusion could
not be drawn for different curing conditions. The curing condition p-value is greater than the
alpha value (P > a), indicating that the differences in the mass disintegration for all size

fractions at different curing conditions is not statistically significant.

For the briquette ore top size of —12.5 mm, the ANOVA indicates that the difference in the
mass disintegration at different curing conditions is not statistically significant. With the
exception of the mass% —0.5 mm, the difference in material disintegration is not statistically

significant at different curing conditions for different moisture contents.

Table 43: ANOVA of Linder furnace test
Mass disintegration, mass% +6.3 mm

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm
p-value
Effect of curing condition 0.968 0.563
Effect of moisture content 0.012 0.377
Mass disintegration, mass% —3.15 mm
Briguette ore top size —-6.3 mm  Briquette ore top size —=12.5 mm

Factor analysed

Factor analysed
p-value

Effect of curing condition 0.936 0.605
Effect of moisture content 0.003 0.266
Mass disintegration, mass% —0.5 mm

Briquette ore top size -6.3 mm  Briquette ore top size —12.5 mm

Factor analysed
p-value

Effect of curing condition 0.837 0.956
Effect of moisture content 0.021 0.010

5.6.Summary of results

A summary of the test programme results is presented in Table 44. For the briquette ore top
size of —6.3 mm, average green briquette compressive strengths of 480 N and 155 N were
measured for moisture contents of 16% and 24%, respectively. Increasing the briquette ore
top size to -12.5 mm resulted in average briquette compressive strengths of 125 N and 75.9

N, respectively.
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The results indicate a decrease in Tl with increases in both moisture content and briquette
ore top size. For the briquette ore top size of —=6.3 mm, average Tl of 93.5% and 87.6% were
reported for moisture contents of 16% and 24%, respectively; for the briquette ore top size
of —12.5 mm, the respective values are 40.5% and 41.9%.

An average Al of 5.91% was measured for the briquette ore top size of —6.3 mm); this value
increased to 14.0% for the briquette ore top size of —12.5 mm, which is an average 136.8%
increase in Al. An increase in Al with briquette ore top size has a detrimental effect on

permeability.

For the briquette ore top size of -6.3 mm, average degrees of reduction of 33.4% and 27.6%
were reported for 16% and 24% moisture content, respectively, which represents a 17.4%
decrease. For the briguette ore top size of -=12.5 mm, the average degrees of reduction were
39.2% and 36.9% for 16% and 24% moisture contents, which is a 5.86% decrease. These
results indicate that optimal degree of reduction was obtained for the briquette ore top size
of =12.5 mm.

The results suggest that briquettes produced at an ore top size of —=12.5 mm have marginally
higher porosity, which allows for improved gas and temperature permeability. Density
analyses indicated a marginally lower density for the briquette ore top size of —=12.5 mm
(2.357 g/cm?), which further supports the suggestion that the porosity was marginally higher
in these briquettes, resulting in marginally higher reduction. Considering the PSD analyses
and reduction results suggests that the presence of finer particles adversely affected gas

permeability, thereby leading to a decrease in the degree of reduction.

An increase in moisture content was associated with an increase in the DI for both briquette
types. Increasing the briquette ore top size from -6.3 mm to —-12.5 mm had a detrimental
effect on the RDI (RDI+6.3mm, RDI-3.15mm and RDI-0.5mm).

For briquette ore top sizes of —-6.3 mm and -12.5 mm, average RDl+.3mm of 96.0% and
75.1% were reported, respectively, representing a 21.8% decrease with an increase in the
top size. Disintegration of briquettes, resulting in the formation of fine particles, also
increased with an increase in the briquette ore top size: For the briquette ore top sizes of
-6.3 mm and-12.5 mm, average RDIl-osmm of 2.54% and 6.92%, respectively, were
measured.
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The Linder furnace test results indicated that increasing the briquette ore top size from -6.3

mm to —12.5 mm had a detrimental effect on the mass disintegration and generation of fines.

For the briquette ore top size of —6.3 mm, an average mass disintegration (mass% —0.5 mm)

of 7.50% was reported; the corresponding value for the briquette ore top size of =12.5 mm

was 22.4%.

Table 44: Summary of test programme results

Briquette ore top size: =6.3 mm  Briquette ore top size: =12.5 mm

Moisture content

16%
85.2

480
93.5
4.99
33.4
0.33

97.3
2.59
1.76
95.3
4.46
3.75

© University of Pretoria

24%
67.7

155
87.6
6.83
27.6
0.61

94.7
4.79
3.33
70.3
214
11.3

Moisture content

16%
88.4

125
40.5
13.4
39.9
2.34

79.1
14.4
6.77
254
50.3
25.1

24%
78.2

75.9
41.9
14.7
37.5
1.96

71.1
17.3
7.08
30.3
45.5
19.8
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6. Conclusion

The purpose of this study was to evaluate the performance of briquettes as potential feed
into the electric arc furnaces at the Barro Alto operation. The study considered three key
parameters in evaluating the performance of briquettes: moisture content (16% and 24%),
curing conditions (open and closed), and PSD of the feed to the briquetting process (-6.3
mm and -12.5 mm). This study complements the results of pilot-plant campaign tests
undertaken by Anglo American at the Value-In-Use facility in Pretoria, South Africa.
Briquette performance was evaluated using ISO tests for TI, Al, Rl DI, and RDI, and the
Anglo American Value-In-Use in-house standard Linder furnace test, which simulates

conditions in a rotary kiln.

Some important considerations in the move towards briquetting at the Barro Alto operation
are the increase in nameplate capacity, lower electricity consumption, and improved process

safety and stability.

A bulk sample from Barro Alto mine was made available for the test programme. The sample
was identified as a saprolitic laterite containing 2.03 mass% NiO and 17.2 mass% Fe20s.
The main mineral constituents were identified as serpentine (lizardite), olivine (forsterite),

and amphibole (hornblende).

RI testing showed a decrease in the degree of reduction with an increase in moisture content
for both briquette types. The results suggest that the presence of water vapour has a
detrimental effect on the degree of reduction. An increase in the degree of reduction was
also observed with an increase in briquette ore top size, the —6.3 mm top size comprised a

greater degree (19.1%) of fine particles (-0.5 mm) than the —=12.5 mm top size (15.2%).

As moisture content and briquette ore top size increased, there was a decrease in Tl. For
the briquette ore top size of -6.3 mm, the average Tl were 93.5% and 87.6% for moisture
contents of 16% and 24%, respectively. With the larger briquette ore top size of -12.5 mm,

the average Tl were 40.5% and 41.9% for moisture contents of 16% and 24%, respectively.

Additionally, the study found that for the briquette ore top size of —-6.3 mm, the average Al
was 5.91%, which increased to 14.0% for the briquette ore top size of —12.5 mm. This
increase in Al has a detrimental effect on permeability.
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The DI, RDI, and Linder furnace decrepitation index all showed an increase in briquette
disintegration for the briquette ore top size of —12.5 mm, suggesting that coarser particles
lead to weaker bonds, making the briquettes more susceptible to breakage.

The conditions that yielded briquettes with highest structural integrity were obtained for an
ore top size of —-6.3 mm at 16% moisture content under open curing conditions. The highest
degree of reduction was obtained for the briquette top size of —12.5 mm at a moisture content
of 16% under closed curing conditions. The results obtained for briquettes with an ore top
size of -6.3 mm, a moisture content of 16%, and open curing conditions are comparable to

those obtained by Anglo American (Value-In-Use) during their pilot-plant campaign.

The ANOVA largely indicated that the different measured responses for different curing

conditions and moisture contents are not statistically significant, at the set test statistic.

Recommendations from the findings are based on the relative precedence of the parameters
in the operation. Where process safety and stability take precedence, it is recommended to
produce briguettes with an ore top size of —6.3 mm and moisture content of 16% under open
curing conditions. Green briquette compressive strength results revealed that an increase
in moisture content led to a deterioration in compressive strength for both briquette types.
These results affirm those of numerous literature studies, which attribute this to a reduction

in the surface energy due to physical absorption.
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<

7. Future Work

Having completed the test programme, the ANOVA indicated that difference in the
measured responses at briquette ore top sizes of -6.3 mm and -12.5 mm were not
statistically significant, based on the test statiscis selected. These results require
interpretation in conjunction with sensitivity analysis of plant data. It is therefore
recommended that a sensitivity analysis be conducted to indicate the relative sensitivity of
the process parameters (moisture content, curing condition, top size) and tolerance limits of

each parameter.
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Appendix 1: X-Ray Fluorescence Analysis

Feed samples

Table 45: X-ray fluorescence analysis of feed ore samples

_ Run-of-mine Feed ore top size —-6.3 mm Feed ore top size -12.5 mm
. s, 41.6 37.6 44.2
- Tioe 0.05 0.07 0.03
 ALOs 2.80 4.18 2.67
. Fe0s 17.2 21.9 14.2
MO 0.26 0.37 0.22
- Mgo 23.0 19.4 28.8
. ca0 0.64 0.60 -
. NaO 0.00 <0.01 -
kK20 0.02 0.03 0.02
. Cr0s 0.81 1.08 0.67
oo 0.00 <0.01 0.02
- No 2.03 2.15 1.93
V05 0.01 0.01 0.0
- z0, 0.00 0.01 :
. POs 0.01 0.01 -
~ Coi0s . 0.08 0.05
.~ zmo . 0.03 0.01
~Lor 11.0 12.4 111
~ TOTAL 99.5 100 100
*LOI: loss on ignition
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Fraction

26.5 mm
19 mm
13.2 mm
9.5 mm
6.7 mm
4.75 mm
3.35 mm
2.36 mm
1.7 mm
1.18 mm
850 pm
600 um
425 pm
300 um
250 um
212 pym
150 pm
106 pm
75 pm
53 pm
45 pm
25 pum
<25 pum

X-ray fluorescence analysis of different size fractions of run-of-mine sample

SiOy
51.6
42.9
43.8
42.5
40.8
38.9
38.3
37.2
36.1
35.8
35.5
35.5
35.7
35.8
35.6
35.7
35.6
36.5
36.3
36.1
35.4
34.0
35.0

Al>O3
1.12
1.41
1.46
1.70
221
2.75
3.31
3.59
3.86
4.06
4.10
4.09
411
4.15
4.28
4.37
4.45
4.04
4.41
4.08
3.76
3.60
3.97

MgO
25.2
29.6
27.9
28.3
25.7
22.9
20.5
18.9
17.3
16.8
16.3
16.3
16.6
16.9
17.1
17.5
17.7
18.3
18.2
18.2
16.9
15.8
16.8

P20s
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005

Fez0s
8.5
9.7

10.7
10.6
14.1
17.8
19.8
21.6
23.8
24.5
25.2
25.1
24.8
24.1
23.6
22.9
22.7
21.9
22.5
235
25.0
27.0
26.2

Table 46: X-ray fluorescence analysis of different size fractions
Component, mass%

CaO
0.60
1.06
0.54
0.69
0.70
0.71
0.61
0.65
0.62
0.62
0.61
0.65
0.63
0.59
0.60
0.70
0.71
0.74
0.87
0.86
0.80
0.74
0.88

TiOz
0.01
0.02
0.02
0.03
0.03
0.05
0.06
0.06
0.08
0.08
0.09
0.09
0.08
0.08
0.08
0.08
0.08
0.07
0.08
0.08
0.08
0.09
0.09

V205
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005

0.009

0.009

0.009

0.011

0.011

0.013

0.011

0.011

0.011

0.013

0.013

0.013

0.011

0.013

0.013

0.011

0.011

0.011

Cr20s3
0.47
0.47
0.51
0.58
0.71
0.85
0.96
1.04
1.10
1.12
1.10
1.14
1.16
1.34
1.63
1.70
1.80
1.49
1.64
1.20
0.74
0.63
0.93

vvvvvvvv

T VAN PRETORIA

vvvvvvvvvvv

K20
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
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MnO
0.10
0.11
0.12
0.26
0.19
0.27
0.30
0.33
0.38
0.38
0.39
0.40
0.40
0.40
0.41
0.39
0.39
0.38
0.37
0.36
0.34
0.33
0.35

NiO
1.44
1.60
1.74
1.78
1.91
2.09
2.15
2.24
2.34
2.36
2.38
2.38
2.39
2.39
2.37
231
2.29
2.28
2.23
2.33
2.50
2.52
2.37

CuO
< 0.005
< 0.005
<0.005
< 0.005
< 0.005

0.015

0.008

0.009
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005

0.014
< 0.006

Co0304
0.02
0.02
0.02
0.06
0.04
0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.06

BaO
< 0.005
< 0.005
< 0.005

0.014
< 0.005

0.010

0.010

0.010

0.016

0.012

0.014

0.015

0.014

0.014

0.013

0.011

0.012

0.011

0.011

0.011

0.012

0.014

0.011

PbO
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005

0.007

0.009

0.007
< 0.005
< 0.005
< 0.005
< 0.005

0.007
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005

0.005

0.008

Sr
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005
< 0.005

Zn0O
0.01
0.01
0.01
0.01
0.02
0.02
0.03
0.03
0.04
0.04
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.04

LOI
10.9
13.1
13.1
13.5
13.6
13.6
13.9
14.2
14.3
14.1
14.1
14.2
14.1
14.1
14.1
14.2
14.2
14.2
13.3
13.2
14.3
15.1
13.2
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Appendix 2: Back-scattered Electron Image Analysis and X-Ray
Mapping of Feed Sample

Run-of-mine

Figure 68: Back-scattered electron images of plant feed: (a) 100 um; (b) 20 um; (c) 10 um, where (1)
forsterite; (2) iron oxide; (3) quartz; (4) enstatite; (5) talc; (6) hornblende; (7) lizardite; (8) chlorite
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Figure 69: X-ray maps of major elements present in plant feed: (a) Mg, (b) Si (Figure 68(c))

Feed ore top size —6.3 mm

Figure 70: Back-scattered electron images of —6.3 mm fraction: (a) 50 um and (b) 20 pm, where (1)
forsterite; (2) quartz; (3) lizardite; (4) hornblende; (5) iron oxide

120

© University of Pretoria



IVERSITY OF PRETORIA

e

=

“ UNIVERSITEIT VAN PRETORIA
UN

V’ YUNIBESITHI YA PRETORIA

Hornblende
Hornblende §&

f T00um 1 f 100um !

Figure 71: X-ray maps of major elements present in =6.3 mm fraction; (a) Mg, (b) Si (Figure 87(a))

Feed ore top size —12.5 mm

Figure 72: Back-scattered electron images of a portion of =12.5 mm fraction: (1) forsterite; (2) quartz;
(3) hornblende; (4) chlorite; (5) spinel; (6) enstatite; (7) hematite
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Figure 73: X-ray maps of major elements present in =12.5 mm fraction: (a) Mg; (b) Si (Figure 72(b))
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Appendix 3: Energy-Dispersive Spectroscopy and Stoichiometric Analysis of Phases Present in Feeds

Run-of-mine

Element —
Phase |
Chlorite

Enstatite
Forsterite
Hornblende
Iron oxide
Lizardite
Quartz

Talc

O
mass%
48.7

44.8
44.9
45.6
31.0
45.6
52.1
46.8

MgO
18.8

Table 47: Energy-dispersive spectroscopy compositions of major phases found in run-of-mine sample
Mg Al Si Fe Ni

at% mass% at% mass% at% mass% at% mass% at% mass% at%
60.9 22.8 19.8 7.06 5.02 15.8 10.9 3.38 1.90 1.44 0.51 (Mgi1.1Al>81Fe1.06CansoNio.29)Sis.00034.1

Stoichiometry

59.6 21.2 171 0.80 0.63 23.0 18.9 7.27 3.27 2.88 0.55 (Mgo.ssFeo.16Al0.03Nio.03)Sio.9502.98

58.3 26.8 23.9 0.46 0.35 21.6 15.3 5.31 1.98 1.27 0.45 (Mg167Fe0.1aNi0.03)Si1.0704.08

60.3 12.4 8.80 6.08 3.55 22.4 17.2 2.79 4.01 - = Nao.52Ca1.79(Mgs.a6Fe1.58Al1.40Cro.1)Sis. 76023.7
60.1 0.8 0.98 464 5.075 1.07 1.15 65.77 36.80 1.52 0.76  (Fe2s3Al0.35Mng.14Sio.1MEo.07Cro.06Nio.05)O3
60.3 22.7 20.9 1.03 0.82 20.4 15.0 7.93 2.71 2.56 1.32 (Mgz93Feo3sNio.18Alo.11)Si2.1003.44

66.2 1.90 1.58 0.88 0.66 44.1 31.9 2.02 0.74 s = Si0.9602.0

61.3 20.9 16.3 1.24 0.95 26.2 20.2 4.64 121 > = (Mg3.00F€0.23Al0.18C0.02)Siz.84011.64

Table 48: Energy-dispersive spectroscopy composition of amorphous phase in run-of-mine sample
Component, mass%

SiO2 Fe203 AlO3 NiO Cr203 K20 CaO MnO TiO2 V205 P,0s Total
38.5 34.0 0.62 4.13 3.24 0.09 0.09 0.22 0.22 0.04 0.04 100
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Feed ore top size —6.3 mm

Table 49: Energy-dispersive spectroscopy compositions of major phases in —6.3 mm feed

mass% at% mass% at% mass% at% mass% at% mass% at% mass% at% _

486 640 228 197 524 3.10 15.62 9.80 553 198 221 180 (MguAli74Fe111Ni101)Sis.490353

461 598 257 165 081 166 214 180 543 287 - - (Mgo.ssFeo.14Al0.08)Si0002.99
447 582 284 243 - - 204 151 627 234 122 0.44 (Mgi7oFeo16)Si1060407
456 603 127 570 296 228 228 182 252 269 - - NaossKoo0sCa1s7(Mgs o7Fes0sAl1 16)Si7.120236

(Fe1.5sMgo.36Si0.15Ni0.06Cr0.04) O2.97

32.0 59.3 6.13 7.10 1.29 1.44 2.79 3.01 57.5 30.4 2.50 1.28 . .
/(Fe2.09Mgo0.49Si0.21Al0.10Ni0.09Cr0.06) O4.08

443 588 245 214 051 0.40 21.0 15.9 849 324 150 0.54 (MgsooFeo.asNioosAlo.os)Siz.2008.23
519 664 035 031 0.19 0.15 43.9 31.9 410 1.60 = = Si0.9601.99

Table 50: Composition of amorphous phase in —=6.3 mm feed

MgO SiO2 Fe203 Al2O3 NiO Crz203 K20 CaO MnO TiO2 V205 P,0s NaO ZrO; C0304 ZnO BaO Total
18.1 30.5 33.3 8.23 3.91 2.40 0.09 0.68 1.14 0.22 0.03 0.03 0.46 0.031 0.2 0.1 0.55 100
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Feed ore top size —12.5 mm

Table 51: Energy-dispersive spectroscopy compositions of major phases in =12.5 mm feed

mass% at% mass%  atl% m;OSS at% mass% at% mass% at% m;ss at%

485 604 234 192 370 168 183 130 475 1.69 137 047 (Mgw7AlesFeossNio2s)Siz260ss
45.3 59.2 22.8 15.7 - - 248 195 543 3.05 1.72 254 (Mgo.79Feo.15Ni0.13)Si0.9702.96
443 580 271 241 - - 215 152 631 237 132 048 (MgieoFeo17Nioos)SisosOx.06

44.0 59.9 10.5 109 434 350 231 171 6.54 3.26 252 1.02 (Nao.ssKo.os)Cai.37(Mga.26Fe1.28Al1.37Nio.4MnNo.07)Si6.73023.5
24.7 51.7 4.23 524 388 464 191 210 67.9 41.3 195 0.98 (Fe207Mgo.26Al0.23Cro.20Si0.11Ni0.05)O2.58

44.3 58.4 25.2 21.8 - - 22.3 16.7 5.90 2.24 2.37 0.85 (Mga,oeFeo,31Nio,12)5i2,3403,17
52.5 66.4 0.49 0.40 - - 42.1 32.8 1.65 0.66 - = Si0.9901.99
46.4 60.0 20.4 17.4 1.65 1.27 26.2 19.3 4.94 1.83 = = (Mga,31Feo,35A|o,24cao,11)Si3,57011,4o

Table 52: Energy-dispersive spectroscopy composition of amorphous phase in =12.5 mm feed

MgO SiO2 Fe203 Al2O3 NiO Cr20s3 K20 CaO MnO TiO2 NaO ZnO CuO WOs; Co0304 Total
44.4 25.4 21.7 2.60 1.97 1.72 0.06 1.00 0.63 0.09 0.09 0.03 0.06 0.063 0.2 100

Table 53: Energy-dispersive spectroscopy composition of spinel mineral in —=12.5 mm feed

mass% at% mass% at% mass% at% mass% at% mass% at%
(Mgo.s7Fe?*0.13)(Al1.38Cro.32re30.15) O4.14 40.6 57.4 131 12.0 22.4 19.1 9.36 3.85 10.3 4.60
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Appendix 4: Green Briquette Results

Green briquette compressive strength

Table 54: Green briquette compressive strength and yield at top size of —=6.3 mm

Open
P 430

Closed 2.832 17.8 i 339
Open 2.421 12.8 81
11.1 94
Closed 2.511 9.40 107

Table 55: Green briquette compressive strength and yield at top size of =12.5 mm

Open 2.455 3 92.7
2.6 86.1
Closed 2.255 2.2 79.4
Open 2.41 1.75 90.1
1.63 77.5
Closed 2.357 1.50 65
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Appendix 5: Tumble Index and Abrasion Index Test Results

Tumble strength and abrasion index

Table 56: Tumble and abrasion index results at a briquette ore top size of =6.3 mm

Open

Closed 91.4 ’ 6.35
Open 89.2 6.07

87.1 6.82
Closed 85 7.58

Table 57: Tumble and abrasion index results at brigquette ore top size of =12.5 mm

Open

Closed 40.7 ’ 13.7

Open 35.2 131
41.9 14.7

Closed 48.5 16.2

Density and volume analysis

Table 58: Density and volume analysis results at a briquette ore top size of =6.3 mm

[ 16 Closed 7.10 2.83 5.51 3.08 '
24 Open 7.81 2.42 5.05 3.36 5 -~
[ 24 Closed 7.60 2.51 5.39 3.07 '
*RI: Reproducibility index
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Appendix 6: Reducibility Index

Temperature and gas profiles
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Figure 74: Reproducibility index test of briquettes produced from ore top size —6.3 mm, 16% moisture

content, open curing conditions
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Figure 75: Reducibility index test of briquettes produced from ore top size =6.3 mm, 16% moisture

content, closed curing conditions
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Figure 76: Reducibility index test of briquettes produced from ore top size =6.3 mm, 24% moisture
content, open curing conditions
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Figure 77: Reducibility index test of briquettes produced from ore top size =6.3 mm, 24% moisture
content, closed curing conditions
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Figure 78:

Reducibility index test of briquettes produced from ore top size =12.5 mm, 16% moisture

content, open curing conditions
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Figure 79: Reducibility index test of briquettes produced from ore top size =12.5 mm, 16% moisture

content, closed curing conditions
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Figure 80: Reducibility index test of briquettes produced from ore top size =12.5 mm, 24% moisture
content, open curing conditions
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Figure 81: Reducibility index test of briquettes produced from ore top size =12.5 mm, 24% moisture

content, closed curing conditions
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Degree of reduction analysis

76
65

*Total =  Drying, Calcine, Reduction

&

3

UN
UNI
= 1

73.00
72.60
77.00
94.00

IVERSITEIT VAN PRETORIA
VERSITY OF PRETORIA
NIBESITHI YA PRETORIA

11.00
11.00
10.20
8.00

132.90
132.00
163.20
167.00

Table 59: Reduction analysis of briquettes produced from ore top size of =6.3 mm

33.40
33.40
30.90
24.30

Table 60: Reduction analysis of briquettes produced from ore top size of =12.5 mm

*Total = ) Drying, Calcine, Reduction

X-ray fluorescence analysis

42.2
4.63
26.7
0.09

0.74
21.1
<0.05

0.41

<0.05
0.01

0.08
1.35
< 0.005
2.69
< 0.005
< 0.005
0.01
0.04
-0.85

42.5
4.59
27.0
0.09

0.79
20.5
<0.05

0.42

<0.05
0.01

0.08
1.32
< 0.005
2.68
< 0.005
< 0.005
0.01
0.04
-0.59

© University of Pretoria

42.3
4.49
27.0
0.08

0.67
20.8
<0.05

0.42

<0.05
0.01

0.08
1.26
< 0.005
2.74
< 0.005
< 0.005
0.01
0.04
-0.85

Table 61: X-ray fluorescence analysis of briquettes produced from ore top size of =6.3 mm

16% Open curing 16% Closed curing 24% Open curing 24% Closed curing

42.2
4.60
27.1
0.09

0.69
20.7
<0.05

0.42

<0.05
0.01

0.08
1.29
< 0.005
2.76
0.01
< 0.005
0.01
0.04
-1.09
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Table 62: X-ray fluorescence analysis of briquettes produced from ore top size of =12.5 mm

46.7
2.73
17.2
0.05
0.80
29.1
<0.05

0.25
<0.05

0.01
0.05
0.90
< 0.005
2.22
< 0.005
< 0.005
0.01
0.02
-0.31

X-ray diffraction analysis

47.7
271
17.3
0.04
0.74
28.1
<0.05

0.23
<0.05

0.01
0.04
0.83
< 0.005
2.24
< 0.005
< 0.005
0.01
0.02
-0.41

47.8
2.68
16.9
0.04
0.62
28.5
<0.05

0.24
<0.05

0.01
0.04
0.83
< 0.005
2.29
0.01
< 0.005
0.01
0.02
-0.29

16% Open curing 16% Closed curing 24% Open curing 24% Closed curing

44.1
3.68
22.5
0.06
0.72
24.9
<0.05

0.35
<0.05

0.01
0.06
1.10
< 0.005
2.50
< 0.005
< 0.005
0.01
0.03
-0.81

Table 63: X-ray diffraction analysis of briquette produced from ore top size of —=6.3 mm

16 % Moisture

Open curing

13.6
8.38
28.4
36.2
4.56
3.50
5.44

Closed curing

26.7
5.52
29.2
27.5
3.48
1.71
5.81

© University of Pretoria

24% Moisture

Open curing

28.9
6.61
24.4
28.6
2.55
3.62
5.34

Closed curing

37.3
4.16
20.7
23.2
4.75
4.00
5.87
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Table 64: X-ray diffraction analysis of briquette produced from ore top size of =12.5 mm
Mineral mass, %

Phase ID 16 % Moisture 24% Moisture
Open curing Closed curing Open curing Closed curing

Amorphous 23.5 20.3 15.6 14.5
Enstatite 12.0 16.5 22.0 15.6
Forsterite 40.6 44.3 37.2 47.2
Hornblende 7.00 3.20 5.60 5.80
Magnetite 6.57 8.20 6.60 9.68
Quartz 10.3 7.50 13.0 7.20

Back-scattered electron imaging and X-ray mapping analysis

Briquette Ore Top Size -6.3 mm

Figure 82: Back-scattered electron imaging of reduced briquettes: (a) 16% moisture content under
open curing, (b) 16% moisture content under closed curing, where (1) quartz; (2) magnetite; (3)
hornblende; (4) diopside; (5) forsterite; (6) spinel mineral; (7) enstatite

Figure 83: Back-scattered electron imaging of reduced briquettes: (a) 24% moisture content under
open curing, (b) 24% moisture content under closed curing, where (1) quartz; (2) magnetite; (3)
hornblende; (4) diopside; (5) forsterite; (6) spinel mineral; (7) enstatite
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/ ; Traces of Fe in quartz

Finely dispersed nickel

Diopside 5
Forsterite

Traces of Mg in quartz Traces of Ni in quartz

100um 100um

Figure 84: X-ray mapping analysis of major elements present in briquettes after reducibility index test:
16% moisture content under open curing conditions: (a) Si; (b) Fe; (¢ ) Mg; (d) Ni; (e) Al (BEl in Figure
82(a))
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Figure 85: X-ray mapping analysis of major elements present in briquettes after reducibility index
testing: 24% moisture content under open curing conditions: (a) Si; (b) Fe; (c) Mg; (d) Ni; (e) Al; (f) Ca
(BEIl in Figure 82(b))
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Briquette Ore Top Size -12.5 mm

BED-C 150KV WDI0Omm Std.-PC60.0 HighVac.  x400 s 50um m  Std-PC600 HighVac,  x250  ES—100um
4470 24 11 2020 4469 24 11 2020

Figure 86: Back-scattered electron imaging of reduced briguettes at 16% moisture content under
closed curing conditions: (1) forsterite; (2) quartz; (3) hornblende; (4) magnetite; (5) spinel; (6)
enstatite; (7) wustite

Figure 87: Back-scattered electron imaging of reduced briquettes at 16% moisture content under open
curing conditions: (1) forsterite; (2) 1quartz; (3) hornblende; (4) magnetite; (5) spinel; (6) enstatite; (7)
wustite
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Figure 88: Back-scattered electron imaging of reduced briquettes at 24% moisture content under open
curing conditions: (1) forsterite; (2) quartz; (3) hornblende; (4) magnetite; (5) spinel; (6) enstatite; (7)
wustite

Figure 89: Back-scattered electron imaging of reduced briquettes at 24% moisture content under
closed curing conditions: (1) forsterite; (2) quartz; (3) hornblende; (4) magnetite; (5) spinel; (6) enstatite
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Figure 90: X-ray mapping analysis of major elements present in reduced briquettes at 16% moisture
content under closed curing conditions: (a) Mg; (b) Si; (c) Fe (BEl in Figure 86(b))
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Figure 91:X-ray mapping analysis of major elements present in reduced briquettes at 24% moisture
content under open curing conditions: (a) Mg; (b) Si; (c) Fe (BEIl in Figure 88(a))
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Energy-dispersive spectroscopy and stoichiometric analysis

Brigquette Ore Top Size —-6.3 mm

Table 65: Energy-dispersive spectroscopy compositions of major phases in reduced briquettes at 16% moisture under open curing conditions

mass%
48.8
44.3
44.3
49.3
26.9
56.0

mass%
47.4
46.0
45.0
48.1
27.4
54.4

at%
63.3
57.5
58.0
63.0
54.6
69.2

at%
60.3
58.7
58.4
62.7
56.7
68.2

mass%
12.6
27.7
26.5
14.4

mass%
7.98
19.6
28.7
12.5

0.27

at%
4.80
16.1
22.8
12.0

at%
7.13
14.5
24.6
10.7

0.22

mass%
3.94
0.28
0.30
1.43

mass%
1.20

at%
3.03
0.22
0.23
1.72

at%
0.75

mass%
22.7
22.9
22.0
18.5
3.54
435

mass%
24.1
27.7
19.6
22.3
0.25
43.9

at%
18.8
21.1
16.4
15.7
4.09
30.6

at%
21.8
23.6
14.5
16.5
0.29
31.4

mass%
1.86
3.89
5.92
5.28
64.8
0.45

mass%
10.9
5.79
5.54
2.19
72.4
0.56

at% mass%

0.69
4.45
2.22
3.47
37.6
0.16

at%
5.58
3.16
2.16
0.82
43.0
0.21

© University of Pretoria

0.13
1.17
0.94

1.17

at%
0.04
0.83
0.34

0.65

mass%
0.98
0.87
0.66

Cao.90(Mdo.51F€0.07Al0.32Na0.07Cro.03Tio.01Ni0.004) Si2.0106.79

(Mgo.s1F€e0.22Ni0.04)Si1.0502.88

(Mga1.60F€0.16Al0.02Ni0.02) Si1.1504.06

Nao.40Caz.84(Mga.72Fe1.36Al0.00)Sie.17024.8

(Fe2.63Sio.20Al0.12MnNo.07Nio.0sCro.02) O3.82

Si0.9202.08

Table 66: Energy-dispersive spectroscopy compositions of major phases in reduced briquettes at 16% moisture under closed curing conditions

at%
0.36
0.31
0.26

Cao.41(Mgo.76F€0.60Al0.08Ni0.04) Si2.3306.46
(Mg1.10F€e0.20Ni0.03)Si1.7602.94

(Mg1.72F€e0.15Ni0.02) Si1.0204.09
Nao.37Caz1.71(Mg4.22F€0.32Al1.38Cr0.32) Sie.50022.6(0)2
(Fe3.01Si0.02)O3.97

Si0.9402.05
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Table 67: Energy-dispersive spectroscopy compositions of major phases in reduced briquettes at 24% moisture content under open curing conditions

Element — O Mg Al Si Fe Ni -

Phase | mass%  at% mass% at% mass% at% mass% at% mass% at% mass% at% Stoichiometry

Diopside 44.3 59.7 12.1 10.7 3.72 2.97 23.6 18.1 2.74 1.06 0.38 0.14  Caos7(Mgi.15Feo.11Al0.32Na0.07Nio.02) Si1.9406.40
Enstatite 46.1 59.6 22.4 19.1 0.84 0.64 25.3 18.6 4.96 1.84 0.65 0.23  (Mgo.96F€0.09Al0.03Ni0.01)Sio.9302.98

Forsterite 44.6 58.0 27.7 23.7 - - 21.6 16.0 5.30 1.98 1.16 0.41  (Mg1.66F€0.14Ni0.03)Si1.1204.06

Hornblende 47.1 61.6 12.5 10.8 5.50 4.27 22.6 16.8 2.23 0.84 - - Nao.4sCai.67(Mg4.24F€0.33Al1.68Cr0.00) Sie.61024.2
Iron Oxide 25.6 52.4 1.86 2.45 1.85 2.15 3.51 3.97 67.8 40.2 - - (Fe2.81Si0.28MQo.17Al0.15)O3.67

Quartz 52.5 66.4 0.77 0.64 - - 45.5 32.8 1.03 0.38 - = Si0.9801.99

Table 68: Energy-dispersive spectroscopy compositions of major phases in reduced briquettes at 24% moisture content under closed curing conditions

Element — (@] Mg Al Si Fe Ni -
Stoichiometry

Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%

Diopside 42.0 58.4 12.6 7.49 2.58 1.88 25.3 20.4 5.06 3.89 - - Cao.85(Mgo.soF€0.42Al0.20) Si2.1906.26

Enstatite 44.1 58.0 21.0 15.7 0.86 0.67 26.1 22.6 7.32 2.76 0.67 0.24  (Mgo.79F€0.14Al0.03Ni0.01)Si1.1302.90

Forsterite 44.6 58.0 27.7 23.7 - - 21.6 16.0 5.05 1.88 1.04 0.37  (Mga.66F€0.13Ni0.03)Si1.1204.06

Hornblende  43.7 61.7 10.94 8.20 3.33 2.26 23.6 19.4 15.0 6.89 2.10 0.81 Nao.22Cao.1(Mgs.21Fe2.70Alo.89Ni0.32Cr0.09) Si7.60024.2
Iron Oxide 27.7 54.1 1.69 2.1 1.71 2.07 6.34 6.83 60.7 34.4 2.75 1.39 (Fez241Sio.48Alo.14Mgo.14Ni0.10Cr0.03)O3.79
Quartz 52.4 66.2 0.71 0.59 - - 45.1 325 1.88 0.68 - - Sio.9701.99

Table 69: Energy-dispersive spectroscopy compositions of spinel minerals

Element — (@) Mg Al Fe Cr
Sample ID —
Stoichiometry mass% at% mass% at% mass% at% mass% at% mass% at%
16% Open cure  (Feo.s4Mgo.35)(Cr1.36Al0.49)O4.14 33.9 59.2 4.32 4.96 6.73 6.97 18.4 9.21 36.1 19.4
24% Open cure (Feo.70Mgo.25)(Cr1.30Al0.52)O4.24 34.9 60.5 3.14 3.58 7.21 7.41 20.0 9.94 34.7 18.5
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Briquette Ore Top Size -12.5 mm

Table 70: Energy-dispersive spectroscopy compositions of major phases in reduced briquette at 16% moisture under open curing conditions

Table 71: Energy-dispersive spectroscopy compositions of major phases in reduced briquette at 16% moisture under close curing conditions

© University of Pretoria

_ mass% at% mass% at% mass% at% mass% at% mass% at% mass%  at%

| Enstatite | 452 593 220 171 i i 213 203 993  3.80 i © (Mos6Fe0,2Ca019)Si10102.5

_ Forsterite  44.2 581 264 229 ; ; 215 161 7.43 280 311 114 (MgusoFeo20Nio0s)Si1130407
_Hornblende 464 606 137 109 440 340 261 203 . - - - NaossCaz03(MgszsFe1 67Al1 33)Siz09023.8
| Magnetite 279 562 410 518 652 729 575 633 609 321 (Fe2.24Al051Si0.36)03.93

| Quartz | 526 658 - - - - 462  32.9 - - - - SiowOrer

.~ Wustite = 223 50.0 - - - - - - 777 50.0 - - FeO

_ mass% at% mass% at% mass% at% mass% at% mass% at% mass% @ at%

| Enstatite 467 601 221 169 : : 26.6 195 334 315 132 046  (MgossFeotsNioos)SiossOs00

| Forsterite 446 583 271 233 - - 213 159 645 242 162 059 (MguesFeo17Nioos)Si1110a0s
_Hornblende  45.8 60.2 161 144 350 220 201 156 217  1.99 - - NaossCar12(Mgs.s7Feo7sAlo.se)Sie130226
. Magnetite 257 52.8 149 201 160 194 395 461 661 389 325 182 (Fex72Sios2Al014Mgo14Cro11)Os70

. Quartz | 530 666 117 096 - - 461 330 177 064 - - SiossO200

| Wustite | 229 506 071  1.03 - - 076 095 753  47.6 - - FeossOra1

143



Table 72: Energy-dispersive spectroscopy compositions of major phases in reduced briguette at 24% moisture content under open curing conditions

Element — (0] Mg Al Si Fe Ni .
Stoichiometry
Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%
Enstatite 44.2 58.3 25.2 21.9 - - 22.1 16.6 6.52 2.46 2.19 0.79 (Mgl.ogFeo,lzNio,o4cao,01)5io.8302.92

Forsterite 44.3 57.9 27.3 23.5 1.35 1.08 21.3 15.8 6.20 2.33 1.11 0.40 (Mgu1.64F€e0.16Al0.08Ni0.03MN0.01)Si1.1104.06
Hornblende  42.8 60.0 11.1 10.2 2.64 2.15 24.2 19.1 15.0 6.59 1.22 0.50 Cai.21(Mga4.00Fe2.50Al2.47Nio.20Cro.13MnNo.10) Sis.71023.6
Magnetite 25.8 52.7 1.75 2.33 1.80 2.19 3.44 4.00 65.9 38.7 1.57 0.87 (Fe2.71Sio.28Al0.15)O3.69
Quartz 52.7 66.4 0.75 0.63 - - 45.7 32.8 2.00 0.74 0.47 0.17  (Sio.99F€0.02Mg0.02)O1.99
Woustite 234 50.9 1.33 1.91 - - 1.61 1.98 73.6 45.8 - - Feo.9201.02

Table 73: Energy-dispersive spectroscopy compositions of major phases in reduced briquette at 24% moisture content under close curing conditions

Element — (0] Mg Al Si Fe Ni .
Stoichiometry
Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%
Enstatite 44,7 58.6 24.8 17.2 = = 22.9 21.4 6.97 2.62 (Mgo_geFeo_lgNio_ogcao_oz)5i1_0702_93

Forsterite  43.8 579 263 228 303 237 209 157 670 254 251 091 (MgieoFeo1sNio.0s)Si1.01040s
Hornblende  44.7 59.6 173 120 294 250 238 193 65 352 194 074 NaosCarzz(MgasoFerasAlz21Nio20)Sis 320234

Magnetite 24.1 53.5 3.59 4.80 - - 2.87 3.26 68.2 40.3 9.02 2.76  (Fe282MQo0.34Si0.23Al0.21Cr0.07)O3.74
Quartz 52.2 66.3 0.79 0.66 - - 45.1 32.6 3.39 1.26 - - (Sio.98F€0.04MQ0.02)O1.99
Wustite 22.3 50.0 7.7 50.0 FeO

Table 74: Energy-dispersive spectroscopy compositions of spinel phases in reduced briquettes

Element — (0] Mg Al Si Fe Cr .
Stoichiometry
Sample ID mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%
16% Open cure 36.0 57.3 7.61 7.83 14.9 13.7 17.2 15.3 17.7 8.17 24.9 11.1  (Mgo.ss5F€0.57)(Alo.96Cro.89)O4.01
16% Close cure 39.4 57.1 10.2 9.76 26.5 22.8 - - 11.0 4.58 12.9 5.75  (Mgo.ssFeo.32)(Al1.59Cr0.40)O4.00
24% Open cure 37.4 57.2 8.81 8.87 21.3 19.3 - - 12.5 5.48 18.7 8.79  (Mgo.62F€e0.38)(Al1.35Cro.62) O4.01
24% Close cure 37.2 57.0 9.11 9.20 20.1 18.3 - - 12.8 5.62 20.9 9.87  (Mgo.64aF€0.39)(Al1.28Cro.69)O3.99
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Appendix 7: Decrepitation Index

Briquette decrepitation index

Table 75: Decrepitation index test results at briquette ore top size of =6.3 mm

18 Open 0.28 0.19 0.09
16 | Closed 0.37 0.23 0.09
24 Open 0.47 0.28 0.14
24 Closed 0.74 0.47 0.18

Table 76: Decrepitation index test results at briquette ore top size of =12.5 mm

18 Open 2.24 1.26 0.40
16 Closed 2.44 0.85 0.31
24 | open 2.56 1.14 0.3
24 | Closed 1.35 0.71 0.22

Quantitative X-ray diffraction analysis

Table 77: X-ray diffraction analysis of briquettes after decrepitation index test at briquette ore top
size =6.3 mm
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Table 78: X-ray diffraction analysis of the briquettes after decrepitation index test at briquette ore top
size =12.5 mm
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Appendix 8: Reduction Disintegration

Briquette disintegration index

Table 79: Reduction disintegration index test results at briquette ore top size —6.3 mm

. 16 Closed 96.9 2.93 1.93
TR Open 96.9 3.03 254
. 24 Closed 92.4 6.54 411

Table 80: Reduction disintegration index test results at briquette ore top size =12.5 mm

1. Open 79.8 14.4 7

1. Closed 78.3 14.3 6.53
24 Open 69.4 16.9 6.35
24 Closed 72.7 17.7 7.80

Quantitative X-ray diffraction analysis

Table 81: X-ray diffraction analysis at briquette ore top size —=6.3 mm

© University of Pretoria
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Table 82: X-ray diffraction analysis at briquette ore top size =12.5 mm
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Appendix 9: Linder Furnace Test Results

Briquette disintegration index

Table 83: Disintegration index at briquette ore top size of =6.3 mm

1.8 Open 95.9 3.83 3.26
16 Closed 94.6 5.00 4.24
24 Open 70.4 20.9 105
24 Closed 70.1 21.8 12.00

Table 84: Disintegration index at briquette ore top size of =12.5 mm

_ Open 25.4
1.8 Closed 23.3 51.3 24.7
24 Open 27 46.8 165
24 Closed 335 44.1 23.10

Compressive strength

Table 85: Compressive strength and drop number test results at briquette ore top size =6.3 mm

T Closed 1038 9.6
24 Open 228 1.67
_ Closed 147 -
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X-ray fluorescence analysis

Table 86: X-ray fluorescence analysis at briquette ore top size —=6.3 mm

N0 2.54 257 2.6 258
- sio, 42.3 425 42 422
. Fe0s 25.6 25.5 25.9 25.6
 ALOs 4.66 4.62 4.73 4.7

~ Mgo 22 22.1 21.6 22.1
. NaO <0.01 <0.01 <0.01 <0.01
. POs 0.03 0.02 0.02 0.02
. KO 0.04 0.05 0.04 0.04
.~ caO 0.68 0.66 0.69 0.69
T, 0.07 0.07 0.08 0.08
V0s 0.01 0.01 0.01 0.01
~ Cros 1.24 1.17 1.18 1.21
MO 0.41 0.42 0.43 0.43
oo <0.01 <0.01 <0.01 <0.01
. zo, 0.01 0.02 0.01 0.01
. Co0s 0.09 0.09 0.09 0.09
.~ zmo 0.03 0.03 0.03 0.03
~ MoO: <0.01 <0.01 <0.01 0.02
~ BaO 0.25 0.2 0.19 0.24
Lo 0 0.09 0.44 0.1

- TOTAL 99.91 99.94 99.94 99.95
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Table 87: X-ray fluorescence analysis at briquette ore top size =12.5 mm

s 45.9 45.9 45.9 46

A0 2.69 2.65 2.67 2.58
~ Mgo 29.7 29.6 29.9 29.7
 NaO <0.01 <0.01 <0.01 <0.01
. POs 0.02 0.01 0 0.01
. Fe0s 163 16.3 16.2 16.3
KO 0.02 0.02 0.02 0.02
.~ ca0 0.64 0.64 0.65 0.64
- Tioe 0.02 0.02 0.02 0.02
Ve0s <0.01 0.01 <0.01 <0.01
. cr0s 0.77 0.76 0.77 0.74
MO 0.23 0.22 0.23 0.22
. NiO 2.29 2.19 2.23 2.19
~ cwo <0.01 <0.01 <0.01 <0.01
- zo, <001 <0.01 <0.01 <0.01
s <0.01 <0.01 <0.01 <0.01
~ Co:0s 0.05 0.05 0.05 0.05
~ zo0 0.02 0.02 0.02 0.02
 AgO 0.06 <0.01 <0.01 0.04
. Te02 <0.01 <0.01 <0.01 <0.01
. Tho: <001 0.05 0.05 <0.01
~ NbOs 0.02 0.04 0.04 0.02
Lo 1.22 1.55 1.24 1.44
- TOTAL 99.97 99.97 99.95 99.96

Quantitative X-ray diffraction analysis

Table 88: X-ray diffraction analysis of briquettes at ore top size —=6.3 mm
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Table 89: X-ray diffraction analysis of briquettes at ore top size =12.5 mm
Mineral mass, %

Phase ID 16% moisture 24% moisture
Open curing Closed curing Open curing Closed curing

Amorphous 15.2 12.1 20.6 24.1
Enstatite 171 7.52 19.1 8.02
Forsterite 49.6 60.4 50 52.3
Hornblende 6.06 6.38 2.08 4.67
Magnetite 2.84 2.86 2.27 2.86
Quartz 9.12 10.7 5.98 8.05

Back-scattered electron imaging and X-ray mapping analysis

Briquette ore top size -6.3 mm

BED-C 150kVv WD10.1mm Std.-P.C60.0 HighVac

Figure 92: Back-scattered electron imaging of minerals and phases present in briquettes after Linder
furnace test: (a)16% H»O open curing; (b) 16% H,0 closed curing; (c) 24% H,O open curing; (d) 24%
H2O closed curing, where (1) quartz; (2) iron oxide; (3) hornblende; (4) diopside; (5) forsterite; (6)
enstatite; (7) spinel
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Figure 93: Major elemental distribution mapping analysis of briquette after Linder testing at 16%
moisture content under closed curing conditions: (a) Mg; (b) Si (BEIl in Figure 92(b))

Figure 94: Major elemental distribution mapping analysis of briquette after Linder testing at 16%
moisture content under closed curing conditions: (a) Fe; (b) Al (BEl in Figure 92(b))
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Hornblende

Fo tere

Hornblende

Finely dispersed nickel

Iron oxide

Figure 95: Major elemental distribution mapping analysis of briquettes after Linder testing at 24%
moisture content under open curing conditions: (a) Mg; (b) Si; (c) Fe; (d) Ni (BEI in Figure 92(c))

Briquette ore top size -12.5 mm

Figure 96: Back-scattered electron imaging of briquettes after Linder furnace test at 16% moisture
content under open curing conditions: (1) forsterite; (2) quartz; (3) hornblende; (4) spinel; (5) enstatite;
(6) FeNi alloy
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Figure 97: Back-scattered electron imaging of briquettes after Linder furnace test at 16% moisture
content under closed curing conditions: (1) forsterite; (2) quartz; (3) hornblende; (4) magnetite; (5)
spinel; (6) enstatite

Figure 98: Back-scattered electron imaging of briquettes after Linder furnace test at 24% moisture
content under open curing conditions: (1) forsterite; (2) quartz; (3) hornblende; (4) magnetite; (5)
spinel; (6) enstatite; (7) FeNi alloy
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Figure 99: Back-scattered electron imaging of briquettes after Linder furnace testing at 24% moisture
content under closed curing conditions: (1) forsterite; (2) quartz; (3) hornblende; (4) magnetite; (5)
spinel; (6) enstatite; (7) wustite

FeNi alloy FeNi alloy

Figure 100: X-ray mapping analysis of major elements present in briquettes after Linder furnace test
at 16% moisture content under open curing conditions: (a) Fe; (b) Ni (BEl in Figure 96(b))
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FeNi alloy ;

FeNi alloy

Figure 101: X-ray mapping analysis of major elements present in briquettes after Linder furnace test
at 24% moisture content under open curing conditions: (a) Fe; (b) Ni (BEI in Figure 98(b))

Magnetite

Figure 102: X-ray mapping analysis of major elements present in briquettes after Linder furnace test
at 24% moisture content under closed curing conditions: (a) Fe; (b) Cr (BEI in Figure 99(c))
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Energy-dispersive spectroscopy and stoichiometric analysis

Briquette ore top size —6.3 mm

Table 90: Energy-dispersive spectroscopy composition of major phases in briquettes at 16% moisture content under open curing conditions after Linder furnace

testing
Element — (@] Mg Al Si Fe Ni -
Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at% Stoichiometry
Diopside 45.2 54.6 8.40 6.60 3.50 2.48 21.0 19.2 12.00 10.68 - - Cao.79(Mgo.71Fe1.15Al0.27) Si2.060s5.86
Enstatite 48.3 61.6 20.7 17.3 1.15 0.60 25.3 18.8 4.60 1.68 - - (Mgo.87F€0.08Al0.03)Si0.9403.08
Forsterite 48.4 61.6 25.5 21.5 - - 21.1 15.1 4.97 1.82 - - (Mg1.50F€0.13)Si1.0604.30
Hornblende 46.1 61.4 13.2 9.87 4.26 2.71 21.1 16.5 5.89 3.50 - - Nai.11Cai1.35(Mgs.02Fe1.39Al1.08Cro.15) Sie.57024.2
Iron oxide 39.0 64.9 - - 9.21 8.97 1.32 1.55 43.4 20.8 1.32 0.43  (Fe1.04Al0.45Cro.18Ni0.02)O3.24
Quartz 55.2 68.3 0.82 0.68 - - 44.5 314 - - - - Si0.9402.05

Table 91: Energy-dispersive spectroscopy compositions of major phases in briquettes at 16% moisture content under closed curing conditions after Linder
furnace testing

Element — (0] Mg Al Si Fe Ni -

Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at% Stoichiometry

Diopside 45.6 59.9 9.42 8.14 2.04 1.59 25.2 18.9 6.96 2.62 - - Cao.05(Mgo.s7F€0.28Al0.17) Si2.0206.43

Enstatite 45.6 59.5 22.1 19.0 0.48 0.37 25.2 18.7 5.17 1.93 1.21 0.43  (Mgo.95F€e0.10Al0.02Ni0.02) Sio.9402.97

Forsterite 44.4 58.2 26.7 23.0 - - 21.8 16.2 5.97 2.24 (Mg1.61Fe0.16Ni0.07)Si1.1304.06

Hornblende 455 60.1 13.8 12.01 3.66 2.86 22.1 16.9 3.73 2.65 - - Nao.26Caz.85(Mga.78Al1.14F€1.05Cr0.26) Sie.70023.9
Iron oxide 29.7 58.9 0.82 1.07 - - 0.56 0.63 66.9 38.0 1.53 0.83 (Fe1.90Mgo.0sCa0.04Si0.03)O2.94

Quartz 52.4 66.5 - - - - 45.6 32.9 1.51 0.55 - - Sio.9801.99
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Table 92: Energy-dispersive spectroscopy compositions of major phases in briquettes at 24% moisture content under open curing conditions after Linder

mass%

44.2
46.2
43.9
48.2
24.2
52.8

at%
56.0
59.8
58.1
62.5
51.5
66.5

mass%

8.8
21.3
25.6
14.5

at%
5.50
18.1
22.3
9.10

mass%
4.03
1.12
0.62
3.72
2.73

at%
1.80
0.86
0.48
2.50
3.45

mass% at% mass% at%
22.3 19.2 8.75 9.50
26.1 19.2 5.35 1.99
21.3 16.1 7.31 2.77
22.7 18.9 5.70 3.74
0.98 1.18 72.1 43.9
46.1 33.1 1.09 0.39

mass%

1.63

at%

0.59

Cao.81(Mg1.18F€0.57Al0.13) Si1.9205.79

(Mgo.91F€0.10Al0.04) Sio.9602.99
(Mga1.56F€0.19Ni0.04Al0.02) Si1.1204.06
Cau.26(Mgs.62Fe1.49Cai 26Al0.99Cr0.07) Siz.50024.9
(Fes.07Al0.24Si0.08)O3.60

Si0.9902.00

Table 93: Energy-dispersive spectroscopy compositions of major phases in briquettes at 24% moisture content under closed curing conditions after Linder

furnace testing

mass%

43.2
46.3
46.8
45.1
33.8
56.7

at%
56.0
60.9
60.5
59.9
58.6
69.6

Table 94: Energy-dispersive spectroscopy compositions of spinel mineral after Linder furnace testing

mass%

6.90
16.4
26.0
12.9
231

mass%

44.6
39.9
42.9

at%
62.7
57.1
60.4

at%
5.87
14.2
22.1
11.2
2.63

mass%

1.92
0.36
5.08
141

mass%
8.43
111
10.80

at%
1.50
0.28
4.00
1.45

at%
8.06
10.5
10.01

mass% at% mass% at%
215 18.5 148  9.40
25.9 19.8 6.12 2.62
19.8 14.6 6.17 2.29
23.9 18.0 2.17 0.83
12.4 12.3 48.3 24.0
43.4 30.4 - -

mass% at%
22.9 18.9
27.3 23.1
24.4 20.4

© University of Pretoria

mass%
9.64
9.51
9.15

mass%

5.10
2.44

at%
3.89
3.90
3.69

at%

2.24
0.88

mass%
145
12.2
12.8

Cao.93(Mgo.63Fe1.01Al0.16)Si1.9906.01
(Mgo.71F€0.13Al0.01Ni0.11) Si0.9903.04
(Mg1.55F€0.16Ni0.06)Si1.0204.23
Nao.40Ca1.85(Mga.47F€0.33Al1.59Cr0.17) Si7.16023.8
(Fe1.20Si0.62Mg0.13Cr0.05)O2.93

Si0.9102.10

at%

6.49 (Mgo.s6F€0.27) (Al1.32Cr0.45)O4.39
5.36 (Mgo.73F€0.27) (Al1.62Cr0.38)O4.0
5.54 (Mgo.70F€0.26) (Al1.43Cr0.39) O4.23
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Briquette ore top size —-12.5 mm

Table 95: Energy-dispersive spectroscopy compositions of major phases in brigquettes after Linder furnace test at 16% moisture content under open curing

conditions
Element — (0] Mg Al Si Fe Ni Stoichiometry
Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%
Enstatite 45.2 59.2 22.8 17.7 - - 24.7 20.2 5.37 1.89 3.48 1.26  (Mgo.soF€0.10Nio.06)Si1.0102.96
FeNi alloy 22.2 50.1 - - - - - - 58.8 38.1 18.9 11.7
Forsterite 44.4 58.4 26.0 22.5 - - 21.3 16.0 6.78 2.57 1.94 0.70  (Mga.58F€0.18Ni0.05)Si1.1204.09
Hornblende 415 58.9 11.9 10.9 2.33 4.32 20.7 17.3 10.8 455 1.44 0.5 Cas.i9(Mga.soFe1.79Al1.70Ni0.2Cro.12)Sie.11023.1
Magnetite 26.6 53.3 - - 4.78 5.68 2.55 291 63.3 36.4 - - (Fe2.55Al0.40Si0.20Cr0.12) O3.73
Quartz 53.2 66.9 0.74 0.57 - - 45.5 32.6 1.76 0.65 - - Sio.9802.01
Wustite 22.3 50.0 - - - - - - 77.7 50.0 - - FeO

Table 96: Energy-dispersive spectroscopy compositions of major phases in briquettes after Linder furnace test at 16% moisture content under closed curing

conditions
Element — (0] Mg Al Si Fe Ni Stoichiometry
Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%
Enstatite 44.9 59.4 20.8 16.7 2.72 2.14 23.6 18.9 7.68 3.14 4.32 1.59 (Mgo.s4Feo.16Can.14Al0.11Nio.08)Sio.9402.97
FeNi alloy 22.0 50.0 - - - - - - 57.5 37.4 20.5 12.7
Forsterite 445 58.4 26.0 23.0 - - 21.9 15.9 6.85 2.58 - - (Mg1.61Fe0.18Ni0.06)Si1.1104.09
Hornblende 44.7 60.2 15.0 11.8 4.21 3.32 23.1 18.3 9.5 412 5.19 1.92 CaisaNao.o2(Mga.esFers2Al2.81Ni0.75)Sie.10023.6
Magnetite 28.5 56.7 0.47 0.62 4.16 4.90 4.09 4.63 64.8 36.9 - - (Fe2.58Cro.38Al0.34Si0.32Mg0.04MnN0.04) O3.97
Quartz 53.1 66.6 0.45 0.37 - - 46.5 33.2 1.63 0.60 - - Si0.9701.99
Wustite 23.0 50.2 1.80 0.97 2.30 0.88 73.0 47.9 0.00 0.00 (Feo.96Al0.02Si0.02)O1.00
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Table 97: Energy-dispersive spectroscopy compositions of major phases in brigquettes after Linder furnace test at 24% moisture content under open curing

conditions
Element — o Mg Al Si Fe Ni Stoichiometry
Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%
Enstatite 43.8 58.6 22.8 16.7 - - 22.7 20.5 7.04 2.71 4.88 1.81 (Mgo.saFe0.14Ni0.09)Si1.0302.93
FeNi alloy 22.1 50.0 - - - - - - 58.6 38.1 19.3 11.9
Forsterite 43.9 58.0 26.2 23.0 - - 21.4 15.8 6.80 2.57 2.37 0.86  (Mg1.61Fe0.18Ni0.06)Si1.1104.06
Hornblende 45.3 60.2 14.7 115 7.07 5.48 24.0 18.2 5.43 3.10 - - Cai.90(Mgas.51Fe1.22Al2.15Cro.06) Si7.16023.6
Magnetite 24.7 51.9 - - 2.23 2.77 1.90 2.28 69.9 42.2 151 0.85 (Fe295Al0.19Si0.13Cr0.04)O3.64
Quartz 52.4 66.2 1.86 2.08 - - 44.9 32.3 1.91 0.70 - - Si0.9701.99
Wustite 23.6 50.9 2.03 2.91 1.50 1.90 2.02 2.45 73.1 45.1 - - (Feo.90Mgo.0sCa0.03)O1.02

Table 98: Energy-dispersive spectroscopy compositions of major phases in briquettes after Linder furnace test at 24% moisture content under closed curing

conditions
Element — (@) Mg Al Si Fe Ni Stoichiometry
Phase | mass% at% mass% at% mass% at% mass% at% mass% at% mass% at%
Enstatite 45.7 59.4 22.9 17.6 - - 25.3 20.7 5.62 2.10 2.76 0.99  (Mgo.s3Feo.10Nio.05Ca0.01)Si0.9602.77
FeNi alloy 22.1 50.0 - - - - - - 58.0 37.7 19.9 12.3
Forsterite 441 58.1 26.1 22.9 - - 21.5 15.9 6.84 2.59 2.00 0.73  (Mgu.60F€0.18Ni0.05Cr0.02)Si1.1104.06
Hornblende 45.2 60.2 13.3 11.4 3.51 2.78 25.3 19.2 2.62 1.00 - - Ca2.04(Mg4.47F€0.39Al1.09Cr0.12) Si7.56023.7
Magnetite 27.0 53.3 5.83 7.7 5.47 6.36 3.28 3.67 61.0 34.7 2.54 1.37 (Fe2.43MQgo.54Al0.45Si0.26Cro0.11Ni0.10)O3.73
Quartz 52.6 66.6 0.31 0.26 - - 45.4 32.7 151 0.55 - - Si0.9802.00
Wustite 22.4 50.1 - - - - 77.5 49.8 - - FeO

Table 99: EDS compositions of spinel minerals present in briquettes after Linder furnace tests

Element — o Mg Al Fe Cr Stoichiometry
Sample ID| mass% at% mass% at% mass% at% mass% at% mass% at%

16% Open cure 36.2 57.0 8.07 8.18 18.3 16.6 14.5 6.70 22.9 11.5 (Mgo.57F€0.47)(Al1.16Cro.80) O3.90
16% Closed cure 39.0 57.4 10.2 9.84 24.1 20.9 10.9 4.65 15.5 7.11 (Mgo.e9F€0.33)(Al1.47Cro.50) O4.02
24% Open cure 38.8 57.1 10.0 9.70 24.8 21.6 11.5 4.85 14.9 6.7 (Mgo.e8Fe0.34)(Al1.51Cro.47) O4.00
24% Closed cure 36.8 57.1 8.19 8.14 19.8 175 14.0 6.54 21.2 10.8 (Mgo.57F€0.46) (Al1.23Cro.75)O3.99
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Appendix 10: Results Comparison

Table 100: Comparison of test programme results at briquette ore top sizes of =6.3 mm and -12.5 mm
and the pilot-plant conditions as determined by Anglo American (Value-In-Use)

-6.3 mm -12.5 mm
16% moisture content
Open curing Closed curing

' Green briguette. Compressive strength (N) 1SO-4700 350-620 522-578 93-257
Reduction (%) 1ISO-4695 39.3-42.2 33.4 46.9
Compressive strength (N) 370- 779 934 -
Drop number 4-10.7 22.6 -
Tl (% > 6.3 mm) 95.5-96.2 95.5 40.7
Al (% -0.5 mm) 2.93-3.57 3.63 13.7
RDI (%-0.5 mm) ISO-4696-1 1.42-6.02 1.59 6.53
RDI (%-3.15 mm) 1.60-8.95 2.24 14.3
_ DI (% —-3.15 mm) 1ISO-8371 0.083-0.22 0.23 0.85
_ Mass% -3.15 mm Non-standard test 2.67-5.6 3.83 51.3
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