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Preface

This thesis is submitted to the University of Pretoria as a partial fulfilment of the
requirements of the degree Master of Engineering. The work was mainly performed in
the department of materials science and metallurgical engineering at the University of
Pretoria under the supervision of Dr R. Cromarty, during the period of January to
November 2022.

This project was made possible due to financial support from African Rainbow
Minerals (ARM) — an industrial research partner.

Ore samples were obtained from the Assmang Nchwaning Manganese Mine in the

Northern Cape province of South Africa.

The main aim of this work was to investigate the feasibility of the reduction roast-
magnetic separation process as a method to upgrade low grade ferruginous
manganese ore fines from the Nchwaning mine to obtain a product suitable for FeMn
production.
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Abstract

Manganese is an important raw material in many industries, such as the steel, non-
ferrous and battery industries. Manganese ores are typically mined and are then fed
to submerged arc furnaces where a manganese ferroalloy, the most common form in
which manganese is used, is produced. For economic ferromanganese production,
the ore used should have a manganese grade above 40% and a Mn/Fe ratio greater
than 7,5. With the increase demand for manganese in recent years, resources for high
grade manganese ores are gradually being depleted. In order to deal with the demand,
it has now become imperative to make use of lower grade manganese ores which
have historically been dumped due to selective mining of higher-grade ores. Many
processes have previously been investigated in order to upgrade these manganese
ores, such as physical methods, pyro- and hydrometallurgical methods. One such
process that has been investigated has the ability to produce a product with a high
manganese grade and Mn/Fe ratio (Elliott & Barati, 2020). This process is the
reduction roast — magnetic separation process. In order to upgrade the ore, it is first
subject to a carefully controlled reduction process to produce phases with different

magnetic susceptibilities, such as MnO and Fe or MnO and Fe3Oa.

This work focused on the optimization of this process for use with ores obtained from
the Nchwaning mine slimes dam. Ore was obtained from the slimes dam, reduced to
smaller sample sizes and was then subject to a mineralogical study. XRF and XRD
was carried out on the samples, and it indicated that the Mn grade was in the region
of 44 wt% Mn, which is typical of a high-grade ore. The Mn/Fe ratio, however, was
found to be 3 — much lower than the 7,5 required for economic ferromanganese
production. The main manganese minerals were found to be braunite | and braunite
Il, with a small amount of bixbyite and hausmannite present as well. The main iron

mineral was hematite. A significant amount of calcite was also found.

An optimization study was carried out in the form of a central composite design, with
the variables investigated being temperature and reductant ratio. The conditions were
selected based on the thermodynamics of the reduction to obtain the desired phases.
The reduction step for the process was carried out in a retort furnace, after which the

reduced briquettes were milled and subject to a wet magnetic separation process
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using a Davis Tube. The resultant magnetic and non-magnetic streams were then
analysed with XRF and XRD. The results indicated that the reduction roast — magnetic
separation process may not be suitable for this specific ore. The best results showed
a manganese grade of the product increase from 44% to 47% and the Mn/Fe ratio
increase from 3,00 to 3,72. Despite the poor observed separation, the relevant review
metrics; namely the Mn/Fe ratio, the percentage Fe removed and the percentage Mn
lost, were modelled and response surfaces were developed. Making use of an
optimization technique known as desirability functions, it was concluded that the
optimized conditions were a temperature between 850K — 900K and a CO content of
the reducing gas between 30 — 35 vol%. In order to determine the reasons for the poor
separation, SEM and reduction progress tests were carried out. Solid solution phase
formation was evident from the SEM images, with the reduction progress tests
indicating that the cause of this solid solution formation was not excessive reduction
times or temperatures, but due to the mineralogy of the ore itself.

The ore was then subject to a kinetic analysis to understand the reaction mechanisms
and rate controlling steps. Two separate kinetic studies were carried out, one with a
CO-COz2 gas mixture and another with a H2-H20 gas mixture. The use of hydrogen is
growing in popularity due to the formation of water vapour rather than CO:z in the
reduction reaction. The different sets of conditions for both kinetic studies were the
same as those used for the optimization study. In the case of the CO kinetic study, it
was found that the Avrami model fit experimental data the best. This model describes
nucleation and growth as the rate limiting step. In the case of the Hz kinetic study, the
rate limiting step was found to be activation control. A comparison between H2 and CO
reduction indicated that the former occurred at significantly higher rates and reached
higher reduction extents than the latter.
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1 Introduction

Manganese is an important raw material with a wide range of applications. A large
proportion of manganese (=90%) is used in the steel industry, mainly in the form of
ferroalloys such as ferromanganese (FeMn). The increased demand for steel in
developing countries is causing a rise in the demand for manganese. In addition to
applications in the steel industry, manganese is also used in non-ferrous and battery
industries. This increased demand for manganese comes at the same time that high

grade manganese ores are being rapidly depleted.

In order to keep up with the growing demand for manganese, it has become imperative
to make use of vast quantities of manganese ore fines or tailings that have been
dumped due to selective mining of higher-grade manganese ores. A large proportion
of these discarded ores belong to the low and medium grade categories (20 — 35%
Mn and a Mn/Fe < 2.5). According to Elliott & Barati, (2020), for economic
ferromanganese production, an ore with a manganese content >40% and with a Mn/Fe

>7.5 is typically required.

For this reason, significant interest and commitment has been given to the
beneficiation of manganese from these tailing dumps. Several advantages can be
realised with the successful implementation of a beneficiation technique: namely, an
alternate source of manganese ores given the current depletion of high-grade
manganese ores, a reduction in mine solid wastes and effluents and a reduction in soll
contamination and ground water pollution. There is also potential for a significant

economic advantage in using the discarded ore.

One of the most promising methods for the upgrading of low-grade manganese ores
is reduction roasting followed by magnetic separation. The main aim of this project
was to optimise the reduction roast — magnetic separation process for application with
low grade ferruginous manganese ore fines obtained from the slimes dam at

Nchwaning mine in South Africa.

The reduction roast-magnetic separation process entails separating out phases based
on differences in magnetic susceptibility. In order to induce different magnetic

susceptibilities, the reduction roast stage is closely controlled (mainly in terms of
l1|Page
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temperature and reductant ratio) to produce an Fe rich phase which is magnetic and
a Mn rich phase which is not magnetic. Based on the thermodynamics of the reduction
stage, a product of either elemental iron or magnetite can be produced together with
MnO.

1.1 Scope of thesis

This work forms part of the research carried out in the department of metallurgical
engineering and materials science in collaboration with African Rainbow Minerals
(ARM).

In order to evaluate this process, several important steps were carried out. Firstly, a
detailed mineralogical and chemical analysis was carried out to determine the initial
grade and Mn/Fe ratio of the ore and to get an idea of the different Mn and Fe phases
present. The second part involved an optimization study, in which a central composite
experimental design was considered. The final part of the work included a kinetic study

to understand and quantify reduction extents under different sets of conditions.
The dissertation includes the following chapters:

Chapter 2 is comprised of an in-depth review of the available literature. This includes
manganese ore mineralogy, a thermodynamic review of the Mn-O2z system as well as
the production of ferromanganese. The main focus is on the different methods that
have been developed and researched for the upgrading of manganese ores and a

review of the previous work that was done on the desired process.

Chapter 3 is made up of a chemical and mineralogical study of the obtained ore. The
sampling method used by the Nchwaning mine as well as the methods used to
decrease sample sizes while maintaining sample integrity is discussed. The analyses
done include a PSD to determine the different size fractions. X-ray diffraction (XRD)

and x-ray fluorescence (XRF) were then carried out on each size fraction.

Chapter 4 contains the results of the optimization study. The chapter is broken down
into several parts. Firstly, a description of the experimental design, procedure,
apparatus and review metrics is given. A description on several preliminary tests is
then discussed. The bulk of the chapter deals with the results of the optimization study

(XRF and XRD results), calculated review metrics, development of models and
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response surfaces and optimization through the use of desirability studies. Reasons
for poor observed separation between Mn and Fe minerals is also given

Chapter 5 includes a kinetic analysis on the reduction process. In this chapter,
reaction kinetics are described for both, CO reduction and H2 reduction. The
development of rate equations and descriptions of rate limiting steps are also given. A

comparison between Hz and CO reduction is also included.

Chapter 6 finalises the dissertation by summarising key finding and conclusions.

Recommendations are also given for further work.
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2 Literature review

2.1 Manganese ores

2.1.1 Manganese ore reserves

South Africa is the largest producer of manganese ore in the world. According to NS
Energy, (2020), South Africa produced * 6.2 million tonnes of ore in 2019 and this
accounted for 33.5% of global manganese ore production. South Africa was then
followed by Australia and China (Table 2.1).

Table 2.1 - Global manganese ore production in 2019 (NS Energy, 2020)

Country Ore Production

South Africa 6.2 million tonnes
Australia 3 million tonnes
China 2.9 million tonnes
Gabon 1.8 million tonnes
Brazil 1 million tonnes

The “Kalahari manganese fields” is an area located approximately 700 km south-west
of Johannesburg. This area contains approximately 80% of the world’s manganese
ore deposits (MiningTechnology, 2019). There are two main mines in operation,
namely the Mamatwan mine in the south of the manganese fields and the Wessel
mine in the north. A summary of the expected reserves in the Kalahari manganese

fields is summarised in Table 2.2.

Table 2.2 - Estimated reserves in the Kalahari manganese fields (Bhalla, 2018)

Wessel Grade (Mt) Mamatwan Grade (Mt)

>44% Mn = 330 Mt 38-40% Mn = 982 Mt

40-44% Mn = 30 Mt 30-38% Mn = 6284 Mt

36-40% Mn = 18 Mt 20-30% Mn = 5938 Mt

30-40% Mn (5-10% Fe) = 31 Mt

Subtotal = 409 Mt Subtotal = 13204 Mt
Total Reserves = 13613 Mt

4|Page

© University of Pretoria



(02’&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

The significance of this project is due to the depletion of high-grade manganese ore
reserves and the subsequent need to begin making use of lower grade manganese

ores.
2.1.2 Manganese ore mineralogy

Manganese ores from the Kalahari manganese fields can be classified according to
the mine the ore originated from. There are two main classifications, namely carbonate
containing ore (Mamatwan-type) and high manganese and iron containing ore
(Wessels-type). These different ore types have significantly different mineralogies
(Coetsee, 2019). The Mamatwan-type ore is rich in carbonates such as calcites and
dolomite, with the major manganese bearing mineral being braunite. The Wessels-
type ore consists mainly of oxides such as hausmannite, bixbyite and hematite and
also contains silicates such as braunite and braunite (Il). The important manganese

minerals found in these deposits is summarised in Table 2.3.

Table 2.3 - Manganese minerals typical of ores from the Kalahari manganese field

Mineral Chemical Formula

Pyrolusite MnO2

Bixbyite (Mn,Fe)20s3
Hausmannite Mn3z0a4

Braunite 3(Mn,Fe)203.MnSiO3
Braunite (Il) 7(Mn,Fe)203.CaSiOs
Cryptomelane KMngOa1s

Due to the solubility of manganese and iron, they are often in solid solution with each
other. This means that some Fe atoms may replace or substitute manganese atoms
in certain minerals. This is the cause of minerals like bixbyite having a chemical
formula of (Mn,Fe)203 (Larssen, 2020).

2.1.3 Manganese ore grading

There are several different grading values used for manganese ores. The classification
used by the Department of Mineral Resources in South Africa describes metallurgical
grade manganese ore having a Mn content >35%, ferruginous manganese ore having

a Mn content between 15% and 35% and manganiferrous ore having a manganese
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content between 5% and 10%. The ore can also be classified as high grade (>44%
Mn), medium grade (30-44% Mn) and low grade (<30% Mn) (Ratshomo, 2011).

According to Elliott & Barati, (2020), the grading of manganese ores for
ferromanganese production is as follows: high grade ore (>44% Mn), medium grade
ore (40-44% Mn) and low grade ore (<40% Mn). The ideal Mn/Fe ratio for

ferromanganese production was also stated as 7.5.

For the purposes of this work, the aim is to upgrade the low-grade ore such that it can
be suitable for ferromanganese production. Thus, a manganese grade >40% with a
Mn/Fe ratio = 7.5 was considered the baseline for the success of the selected

upgrading method.

In terms of pricing of different grades of manganese ores, a spot-price from mid-2015
for low grade (36-39% Mn) manganese ore was approximately 94 USD/t and was
approximately 141 USD/t for high grade manganese ore (>44% Mn). This means that
in order to upgrade a 36% Mn ore to 44% Mn requires a Mn recovery of +80% to be

competitive with natural high-grade ores.
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2.1.4 Uses of manganese ore

Manganese is an important industrial metal, with a wide variety of applications. It is
consumed in large quantities by all industrialised nations in the world. It is important
due to its desirable properties, which include: desulphurizing, deoxidizing and alloying
(Bradley et al., 2013). Currently the steel industry is responsible for 85 — 90% of
manganese consumption world-wide (W. Zhang & Cheng, 2007). Manganese is also
an important alloying element, primarily in the steel industry, but also in the aluminium
industry. Other forms of manganese, such as oxides (MnO, Y-MnO2) have
applications in the battery industry (Singh et al., 2020). Figure 2.1 summarises the

industrial uses for manganese (Wellbeloved et al., 2000).

Intermediate End

Product Use Consumption
. Pig Iron o
Direct Use 0,5kg/tonne of steel 1%
Ferromanganese ngégaukégg
92% HC FeMn o
8% Medium- and low ggrromanganese 90%
carbon EeMn licomanganese
Manganese metal
Silicomanganese Copper and -
Manganese Aluminum alloys ’
ore
Manganese Metal
Chemical Industry
Uranium extraction
Brick and cement colouring 3%
Chemical oxidiser and
catalyst
Synthetic
Manganese Batteries (dry cell) 4%
Dioxide

Figure 2.1 - Overview of the industrial uses of manganese (adapted from Wellbeloved et al., 2000)
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From Figure 2.1 it is evident that most manganese ores are used to produce
ferromanganese and silicomanganese, which are then used in the iron and steel

industry.
2.2 The Mn-O: system

The range of existing manganese oxides are as follows: Mn207, MnO2, MnsOs, Mn20s3,
Mn3O4 and MnO. Of these oxides; MnO2, Mn203, Mn304 and MnO are typically found
naturally in manganese ores (Wellbeloved et al., 2000). Wellbeloved et al., (2000) also
discussed the crystal structures of the naturally occurring manganese oxides. It was
found that MnO2 occurs as a stable 3-MnO2 under normal conditions. Mn20sis present
as a cubic crystal structure at temperatures above 20 °C. At atmospheric pressure,
Mn3O4 exists as a tetragonal structure, but undergoes a transformation to a cubic
structure at 1170 °C. MnO, which is a nonstoichiometric compound, exists solely with
a stable cubic crystal structure. The presence of MnO as a single phase can be
depicted by the XRD pattern, in Figure 2.2, of a sample of reduced manganese ore
from work by De Villiers, (2020). The different MNnO peaks are due to different

orientations of MnO within the sample.

VvV v V.V A} \ 3
Counts

deVilliers)_Wessels Reduced Ore
Neltnerite 1.9 %
Marokite 15.6 %
Manganese Oxide 56.4 %
Magnetite 16.2 %
Calcite 54 %
6000 Barite 1.1 %
Andradite 3.4 %

8000

4000 —
Mm’d ‘

2000

10 20 30 40 50
Position [°26] (Copper (Cu))

Figure 2.2 - XRD pattern of reduced manganese ore with phase quantities indicated (De Villiers,
2020) (Used with permission)

In order to fully understand the manganese-O2 system, the analysis of the thermal
dissociation of the naturally occurring oxides must be looked into. The chemical
equations and the corresponding enthalpy values for this thermal dissociation is given

below (these equations correspond with the chemical equations used in Figure 2.3):
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AMnO2 = 2Mn203 + O2, AH298 = 166.0 kJ 2.1
6Mn203 = 4Mn304 + O2, AH298 = 64.8 kJ 2.2
2Mn304 = 6MnO + Oz, AH298 = 450.5 kJ 2.3

2MnO = 2Mn + O2, AH298 = 384 kJ 2.4

The oxygen partial pressures of these reactions are given as a function of temperature
in Figure 2.3. This diagram shows the stability of different manganese oxides at
different oxygen partial pressures and temperatures. According to the diagram, higher
manganese oxides can be reduced to MnO under atmospheric conditions, however
only at extremely high temperatures. The addition of a reductant facilitates this
reduction reaction at lower temperatures. According to the diagram, MnO:
decomposes at a temperature in the order of 750 K and Mn20Os decomposes at

approximately 1600 K.

-18
Mn
-20

Temperature (K)

Figure 2.3 - Calculated equilibrium relationships of the Mn-O, system. Data obtained from FactSage version 7.3
with databases FToxid and FactPS
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The temperatures obtained from this diagram (Figure 2.3) are significantly higher than
those obtained from the diagram presented by Larssen, (2020). It is believed to be
due to the different databases used to obtain equilibrium constants (for this work, all
thermodynamic data was obtained from Factsage, whereas Larssen obtained
thermodynamic data from HSC 9). For the decomposition of Mn3O4 at atmospheric

pressure, a reductant will be required.
2.3 Production of ferromanganese

Manganese alloys, such as ferromanganese, are typically produced in submerged arc
furnace made up of 3 triangularly oriented Soderbergh electrodes. The furnace can be
broken down into two main zones, known as the pre-reduction zone and the coke bed

zone, as depicted in Figure 2.4. (Larssen, 2020).

@ 7 Mixed Raw
: s y Materials
Prereduction _ 5
zone o
L
>_
o Coke Bed
Coke Bed Coke Bed k with Slag
zone
| " Metal

Figure 2.4 - Schematic representation of a submerged arc furnace used to process
manganese ores

In the pre-reduction zone, there is no melting and the main aim in this zone is to reduce
higher manganese and iron oxides to MnO and metallic iron respectively. The
decomposition of carbonates and the dehydration of the ore also takes place in this
zone. As the feed material continues to move towards the lower parts of the furnace,
melting will begin, and this will result in the formation of a slag layer. This takes place
in the coke bed zone. The MnO and SiO2 from the slag will react with carbon from the
coke and be reduced to Mn and Si respectively(Larssen, 2020). The resultant product
is either HC FeMn (high carbon ferromanganese) or SiMn (silico manganese),

depending on the Si content.
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The raw materials fed into the furnace include manganese ores, agglomerated
manganese ores such as sinters or briquettes, coke which acts as a reductant and
fluxes such as SiOz. The typical manganese ore grade required for the production of
ferromanganese is >40% Mn with a Mn/Fe ratio > 7.5 (Elliott & Barati, 2020).

2.4 Methods to upgrade manganese ores

A significant amount of work has been done and can be found in literature regarding
the upgrading of manganese ores. A large variety of processes such as physical
beneficiation (gravity separation for example), chemical beneficiation (both
hydrometallurgical and pyrometallurgical) and physio-chemical combined processes
have been previously evaluated. Each process can be quantified in terms of the
achieved manganese recovery, manganese grade of the product and the percentage

of iron removed from the product (Mn/Fe ratio).

Significant variability in ore grades and mineralogical characteristics make it difficult to
select a proper beneficiation process. Finding the most suitable beneficiation process
therefore depends on several key factors. Firstly, the preferred process would depend
heavily on the type of manganese ore (oxide, siliceous or carbonate ore), the
associated gangue minerals and the degree of liberation of manganese from the

gangue minerals. In addition, the process must be cost efficient.
2.4.1 Physical processes

Physical separation processes are commonly used as an initial process in the
upgrading of manganese ores. Several physical processes, such as gravity
separation, flotation and magnetic separation have been evaluated (Liu et al., 2019).

Gravity separation

Gravity separation works on the principal of density differences between the different
minerals in the manganese ore. A list of the densities of common manganese and iron

minerals in given in Table 2.4.
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Table 2.4 - Densities of common manganese and iron minerals (Liu et al., 2019)

Mineral name Mineral composition Density (kg/m3)

Pyrolusite MnO2 4700 — 4800
Bixbyite Mn203 4900
Hausmannite Mn3zOa4 4700 — 4800
Braunite | 3(Mn,Fe)203.MnSiO3 4700 — 5000
Hematite Fe203 4900 — 5300
Magnetite FesOa4 4900 - 5200
Siderite FeCOs 3700 - 4000

The evaluation of the densities of the common manganese and iron minerals indicate
that they are very similar and thus, gravity separation has been found to be an
inefficient beneficiation process. A similar conclusion was reached in review papers
by Singh et al., (2020). Elliott & Barati, (2020) found that gravity separation may only
be useful for the removal of free silica (density — 2650 kg/m3).

Other physical processes

Other physical processes such as flotation and magnetic separation have also been
evaluated. According to Singh et al., (2020), flotation of siliceous manganese ores is
not a feasible solution. Flotation of oxide manganese ores can be carried out to
enhance the grade of the ore by removing clay and other gangue minerals. The
removal of iron, however, is difficult. There was a significant amount of interest in the
flotation of carbonate manganese ores however, due to chemical association of
gangue minerals and low selectivity of carbonate gangue minerals, this process does
not produce high grade manganese ore. A study on the efficacy of magnetic
separation (without any prior ore treatment) was carried out by Mpho et al., (2013). A
2-stage magnetic separation process was developed, and it was found that the product
grade was similar to the feed grade. Due to poor Mn separation and low Mn/Fe ratios,
it was concluded that the use of magnetic separation without any ore pre-treatment is

not a feasible approach.
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2.4.2 Pyrometallurgical processes
Mn-rich slag smelting

This process is the major pyrometallurgical process employed to separate manganese
and iron from ferruginous manganese ores. Some advantages of this process include
good adaptability with regards to raw materials. This method can also handle large
guantities of ore and is highly efficient. Some disadvantages associated with this
process are the environmental concerns (large amounts of pollution produced) and

the fact that the process is energy and capital intensive.

The separation mechanism in this process is the difference in fusibility between molten
iron and the manganese silicate slag that forms. This high temperature smelting
process is typically carried out at a temperature range of 1250°C — 1550°C and in
either a blast furnace or electric arc furnace. The main smelting furnaces for this

process are small blast furnaces with a volume of 9-60 m? (Liu et al., 2019).

In the reduction zone of this process, zinc and phosphorus oxides are reduced to their
elemental forms. They then form vapours and exit the furnace via the upward gas flow.
MnO:z2 in the reduction zone is reduced to MnO, which then reacts with SiO2 to form a
Mn-rich slag (MnO.SiOz2). Iron oxides and other impurities, such as PbO/Ag:20, etc.,
are reduced to their metallic forms. Density differences between the Mn-rich slag and
the iron melt allow them to be separated. The Mn-rich slag produced can contain 30-
40% manganese and have a Mn/Fe ratio between 10-40. This means that the Mn-rich
slag is a suitable raw material for ferromanganese production (Ahmed et al., 2014; El-
Faramawy et al., 2004). A plant trial in a 13 m? blast furnace was carried out by the
“Citic Dameng Ming Industries Limited Company.” The results of this plant trial are

given in Table 2.5.

Table 2.5 - Results of a plant trial using the Mn-rich slag upgrading method (Liu et al., 2019)

Coke
Chemical composition of feed Chemical composition of Mn- consumpt
(wt%) rich slag ion (t/tsiag)
1 1 | 325 | 46 13.9 0.56 5 |23 ] 11.2 | 28.6 16.9 95.9 0.7-0.8
20. 41.
2 1 | 309 | 44 |132 0.65 3 |11] 109 | 26.3 37.2 92.37 0.7-0.8
22. 42.
3 1 1293 | 4.1 12.5 0.75 1 |16 115 | 30.9 27.2 87.3 0.7-0.8
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Optimization of process parameters can result in the formation of different products.
For example, Singh, (2020) carried out investigations on a similar process, and
through optimization of the smelting power in an electric arc furnace and slag basicity,
products of synthetic manganese ore and Spiegeleisen (high manganese pig iron)

could be formed.
2.4.3 Hydrometallurgical processes
Direct reduction leaching

In this type of hydrometallurgical process, the reduction of higher manganese oxides
(Mn“**) and the leaching of acid soluble oxides (Mn?*) are done simultaneously. In order
to facilitate this reduction, reductants are added. Direct reduction leaching can be
carried out with a variety of reductants, such as SOz or sulphate salts and even several
organic agents such as saw dust and oxalic acid (Dwivedi et al., 2017). This type of
process has several advantages such as the high observed recovery of manganese,
which has been found to be up to 90% (Liu et al., 2019). The major drawback of this
type of process is the co-leaching of iron, which acts as an impurity, with manganese.
Several studies, such as those by Lui et al., (2014) and Tang et al., (2014) have found
manganese recoveries as high as 90% are often accompanied by iron recoveries of
as high as 80%. This leads to significant complications in the downstream purification
procedure for the Mn?* solution. For this reason, this type of process is typically used
for manganese ores with a low iron content, therefore even with high iron recoveries,

the amount of iron in solution remains low.

Other proposed reductive leaching processes which improve the selectivity between
iron and manganese, such as leaching processes making use of oxalic acid and
methanol are uneconomic due to the high price of the organic reductant. In addition,
leaching temperatures of around 150 °C are required which means the process would

also be energy intensive (W. Zhang & Cheng, 2007).
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2.4.4 Physio-chemical combined processes
Carbothermic reduction roasting and magnetic separation

Carbothermic reduction roasting followed by magnetic separation is a process
regarded as a highly effective route to upgrade low-grade manganese ores. The
purpose of the reduction roast step is to enlarge the difference in magnetic
susceptibility between the manganese oxides and the iron oxides. This is achieved by
close control of the temperature and atmosphere of the reduction roast in order to
obtain a product that consists of MnO, which is not magnetic, and Fe3O4 which is
magnetic. This reduction roast product is then fed to a magnetic separation stage. The
non-magnetic product from this stage, which is rich in manganese, can be used for
ferromanganese production and the magnetic product, which is rich in iron, can be
used for ironmaking. The reduction roasting step for this process is typically carried

out in a rotary kiln at temperature ranging between 400 - 1000°C (Liu et al., 2018a)

2.5 Overview of selected process — Reduction roast followed by

magnetic separation

An overview of the available methods that can be applied to upgrade low-grade
manganese ores was carried out in Section 2.4. An analysis of these available
methods led to the selection of the most viable method — carbothermal reduction
roasting followed by magnetic separation. This method was selected based on the
high potential manganese grades and Mn/Fe ratios that can be achieved in the
product. This method is also not as capital and energy intensive as some of the other
processes. An in-depth review of this process, including a thermodynamic analysis

and analyses of past work and relevant literature is carried out in this section.
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The simplified flowsheet of the reduction roast and magnetic separation process is
depicted in Figure 2.5.
Fe-Mn ores

!

Reduction
roasting

!

Cooling

!

Grinding

|

Magnetic
separation
|

[ | l

Mn-rich non-magnetic product Fe-rich magnetic product —» Sell to iron producer
|

Agglomeration

!

FeMn
Production

€«— C CO Coal Coke

Figure 2.5 - Flowsheet of the reduction roast-magnetic separation process

Some comments regarding the flowsheet:

e A crushing stage is sometimes required prior to reduction roasting. In this
project, the ores used were fine ores with a PSD of £80% passing 300 ym. For

this reason, crushing was not required.

e In order to carry out effective magnetic separation, a particle size typically -75
pm is required (Gao et al., 2019).

2.5.1 Phase requirements for magnetic separation
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The purpose of the reduction roasting step in this process is to enlarge the difference

in magnetic susceptibility between the different manganese and iron oxides. This is

done in order to effectively separate the respective oxides from each other. A review

of the magnetic susceptibilities of different manganese and iron oxides is therefore

relevant in determining the preferred phases to be formed. This analysis can be found
in Table 2.6.

Table 2.6 shows the magnetic susceptibilities of different manganese and iron oxides

under 1 atm pressure, 25 °C and in a weak magnetic field. Other values for magnetic

susceptibility for these minerals may vary to a large extent due to the strength of the

applied electric field and the relative amounts of iron in these natural minerals.

Table 2.6 - Magnetic susceptibility of different manganese and iron minerals as reported by
the respective studies, measured at 25°C under a weak magnetic field. The room
temperature magnetism noted as F — ferromagnetic, P — paramagnetic, A —

Mineral

Name

Composition

antiferromagnetic
Specific magnetic

susceptibility

(108 m3/kg)

Magnetism

Source

Pyrolusite MnO2 0.004
Bixbyite (Mn,Fe)20s3 0.0002 (Grant et al., 1968)
Hausmannite (Mn,Fe)304 0.006 (Kropacek et al.,
1975)
Manganosite MnO 0.01 (Bloch et al., 1967)
Braunite 3(Mn,Fe)203.MnSiOs 0.01 P (Meisenheimer &
Cook, 1959)
Jacobsite MnFe20a4 500 F (Hunt et al., 1995)
Iron Fe 50000 - 2000000 (Hunt et al., 1995)
Manganese Mn - P (David, 2004)
Hematite Fe203 10-760 AlF (Hunt et al., 1995)
Magnetite FesOa 20000 - 110000 F (Hunt et al., 1995)
Woustite FeO 0.02 P (Schrettlea et al.,
2012)
Goethite FeO.OH 26-280 AlF (Hunt et al., 1995)
Limonite FeO.0OH nH20 66-74 P (Hunt et al., 1995)
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Description of magnetism types:

e Ferromagnetism
o Ferromagnetic materials have a large, positive magnetic susceptibility.
This means that they are strongly attracted to a magnetic field. These
materials also have the ability to retain their magnetism after the external
magnetic field has been removed (Wills, 2016).
e Paramagnetic
o Paramagnetic materials have a small, positive magnetic susceptibility.
This means that they are only slightly attracted to a magnetic field. These
materials do not retain their magnetism after the external magnetic field
is removed (Wills, 2016).
e Antiferromagnetic
o Antiferromagnetic materials display a special behaviour in an externally
applied magnetic field. At low temperatures, the material shows no
response to the magnetic field. As the temperature increases, the
material begins to display weak magnetism, reaching a maximum
strength at the Neel temperature. Above this temperature, the

magnetism decreases as the temperature increases (Chopra, 2011).

According to Elliott & Barati, (2020), as the amount of iron in a mineral increases, so
does its magnetic susceptibility. For example, samples of hausmannite that contain 3-
11% Fe20s3 have been found to be ferromagnetic, while samples that contain less than
3% Fe203 were not ferromagnetic. Additionally, due to factors such as defects and
lattice impurities, natural samples of hematite have been observed to be weakly
ferromagnetic, while synthetic hematite is antiferromagnetic.

Based on the work by Mpho et al., (2013) who showed that magnetic separation
without any pre-treatment is not a viable upgrading method, the ideal phases would
be manganosite (MnO) for manganese mineral as it is antiferromagnetic. The ideal

phase for iron oxides would either be elemental iron or magnetite.
2.5.2 Extent of reduction roast

There are two possible options regarding the extent of the reduction roast. In order to

obtain an iron rich magnetic stream, iron oxides need to be reduced to either magnetite
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(Fes0a4) or elemental iron. There are advantages and disadvantages associated with
either method.

If the iron oxides are reduced all the way to elemental iron (which is possible using
C/CO as reductant) the advantages, described by L. Gao et al., (2020), are a high Mn
and Fe recovery. The disadvantages of this method include long roasting times, high
temperatures required (both of which make this method energy intensive). Other major
disadvantages include excess C reporting to the non-magnetic stream which could
decrease the grade of the product and the formation Mn1xFexO from MnO and FeO,

decreasing the efficiency with which Fe and Mn are separated from each other.

If the iron oxides are partially reduced to magnetite, the only major disadvantage is
that this process could be difficult to control in industry. Advantages of this process
include the fact that it has decreased energy and reductant requirements. For the
purposes of this study, the reduction of iron oxides to magnetite is considered. This
method was considered in an attempt to reduce fuel and reductant cost and attempt
to avoid the formation of undesirable phases.

Once the ore has been reduced, it can then be reground and magnetically separated
in order to produce a manganese rich, non-magnetic stream and an iron rich, magnetic

stream.
2.5.3 Carbothermal reduction of manganese ores

The reduction of manganese oxides in low-grade manganese ores is essential in order
to enlarge the difference in magnetic susceptibility between the manganese and iron
oxides. The reduction of manganese oxides to MnO is carried out with the help of a
reductant such as CO. The thermodynamics of a reductant like CO is advantageous
because higher manganese oxides can be reduced to MnO, but under the operational
temperatures, MnO cannot be reduced to manganese metal. This fact is depicted in
the Ellingham diagram shown in Figure 2.6. The diagram also indicates that at a
temperature greater than about 720 K, MnO2 would spontaneously decompose, while
at temperatures greater than about 1600 K, Mn203 would spontaneously decompose.
This is due to the AG value becoming greater than 0 at these temperatures, indicating
the spontaneity of the reverse reduction reaction over the forward oxidation reaction.
These temperatures are slightly higher than the values reported by (Welham, 2002).
This is due to differences in thermodynamic data accessed from different databases.
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Welham, (2002) carried out investigations on the MnO2-C system using a “free energy

minimisation technique” and found the following:

e Reduction of MnO: is likely to be a multi-stage reduction proceeding via
intermediate oxides. MNnO2 — Mn203 — Mn3z04 — MnO.

The stepwise reduction of MnOz in the presence of CO takes the following steps:

2MnO2 + CO = Mn203 + CO2 25
3Mn203 + CO = 2Mn304 + CO2 2.6
Mn304 + CO = 3MnO + CO2 2.7

The stepwise reduction has been generally accepted as the mechanism for
manganese oxide reduction, however, new work from Schanche et al., (2022),
postulates the possibility that the reduction process may go from MnO2 to MnO in a

single step.
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Ellingham Diagram
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Figure 2.6 - Ellingham diagram for manganese and iron oxides. Data from FactSage version 7.3 with databases
FToxid and FactPS

In the reduction roast of ferruginous manganese ores, iron and manganese oxides will
simultaneously be reduced to lower oxides. When heated in a CO atmosphere, higher
iron oxides undergo a stepwise reduction (similar to that of manganese oxides),
according to Equations 2.8 — 2.10. Reaction 2.10 only occurs under specific

conditions, displayed in Figure 2.7 (Iron Chaudron diagram).

3Fe203 + CO = 2Fe304 + CO2 2.8
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Fesz04 + CO = 3FeO + CO2 2.9
Fez04 + 4CO = 3Fe + 4CO2 2.10
FeO + CO = Fe + CO2 2.11

The main aim of the reduction roasting step, as discussed previously, is the reduction
of higher manganese oxides to MnO, which is non-magnetic, and the reduction of
higher iron oxides to FeszO4 which is magnetic. The selection of relevant conditions,
namely temperature, CO/CO: ratios and pO2, are important to obtain the desired
products. These factors can be evaluated by plotting a graph of CO/CO: ratio vs
temperature, and a graph of pO2 vs temperature. These graphs are shown in Figures
2.7 and 2.8 respectively.

Figure 2.7 is made up of an iron Chaudron diagram and a manganese Chaudron
diagram. This diagram shows the equilibrium phases that would be present at different
temperatures and at different concentrations of CO in a CO/CO2 atmosphere at a
pressure of 1 atm. The aim of the reduction roasting step is to obtain MNnO and Fe304
as products. This means that the existence of an area in which these species co-exist
would be ideal. In the iron Chaudron diagram, “Area A” fulfils these requirements. It is
thus advisable to operate in conditions expressed in “Area A” in order to obtain the

desired products.

Figure 2.8 depicts the equilibrium phases that would exist at different pO2’s and at
different temperatures. This figure is made up of the Mn-Oz and Fe-O: systems
superimposed on each other. It can be seen that there exists a large range of

temperatures and pOz2’s in which MnO and Fe3O4 can co-exist.

An analysis of Figures 2.7 and 2.8 together with an Ellingham diagram was used to
decide on potential testing conditions for the reduction roast to obtain the desired

products.

22| Page

© University of Pretoria



4
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

@ YUNIBESITHI YA PRETORIA

Fe Chaudron Diagram
100
90
80 Area C: Fe + MnO EQN 2.11
70
60
50 EQN 2.10 Area B: FeO + MnO
40
30

CO/(CO+C02)

20 Area A: FesO4 + MnO EQN 2.9
10
0

600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Temperature (K)

Mn Chaudron Diagram
0.03

0.025 EQN 2.15

MnO

o
o
!

EQN 2.

Mn304

CO/(CO+C02)
o
o

0.01

0.005

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature (K)

Figure 2.7 - Chaudron diagram of the Fe2O3 - MnO; - CO - CO. system. Data obtained from

FactSage version 7.3 with databases FToxid and FactPS. Numbers of the diagram
correspond to the respective chemical equations
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Figure 2.8 - Equilibrium relationship of the Mn-O; and Fe-O, systems superimposed on one another. Data from
FactSage version 7.3 with databases FToxid and FactPS

The Boudouard reaction

The Boudouard reaction is the reduction of CO2 to CO with solid carbon as the
reductant. The Boudouard reaction is an important reaction in many metallurgical
processes. The reaction is not studied directly in this project, but due to the fact that
all the experimentation is going to be carried out in a CO/CO2 atmosphere, the
occurrence of the Boudouard reaction can be expected.

The stoichiometric Boudouard reaction is as follows:
CO2+C=2CO 2.12

Figure 2.9 shows that most of the COz present in a certain system will react with solid
carbon to form carbon monoxide at temperatures above 700 °C and the atmosphere
will become almost 100% CO at temperatures exceeding 900 °C. These values are
only relevant under equilibrium conditions. Aderibigbe & Szekely, (1981) carried out
investigations on coke reactivity in CO-CO2 atmospheres at temperatures ranging
from 850 — 1000 °C. It was found that in order for the Boudouard reaction to become

kinetically significant, temperatures above 1000 °C are needed.
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The impact of alkalis on the kinetics of the Boudouard reaction has been studied
intensively. This is relevant to manganese ore processing as there exists manganese
minerals, such as cryptomelane (KMnsOais), that may introduce alkalis such as
potassium into the reduction roast. A review paper by Ishak, (2002) mentioned that
the reaction rate of the Boudouard reaction is significantly increased by the presence
of potassium at temperatures above 800°C. It was also shown that the influence of
potassium as a catalyst has a greater impact on reaction rate than temperature, CO:2

partial pressure and particle size.
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Figure 2.9 - Equilibrium CO and CO: partial pressures according to the Boudouard reaction.
Data from FactSage version 7.3 with databases FToxid and FactPS

According to Figure 2.9, at temperatures below 700°C, the reverse Boudouard
reaction is favoured, i.e., the decomposition of CO to form CO2 and solid C. This could
affect the reduction of manganese ores by carbon deposition. This occurs as solid
carbon may deposit on the ore surface and cover reaction sites, thereby preventing
further reduction at that specific site. A study by Towhidi & Szekely, (1983) found that
carbon deposition was observed at temperatures below 900 °C during the reduction
of hematite pellets in a CO,H2, N2 atmosphere. It was found that the deposition of
carbon and reduction took place simultaneously, but the deposition of carbon was
dominating at a temperature range of 500 — 600 °C. It was at these temperatures that

the maximum rate of carbon deposition was observed. It was also found that compared
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to a pure CO atmosphere, the presence of H2 had a promoting effect on the carbon
deposition.

2.5.4 Hydrogen reduction of manganese ores

An alternate, more environmentally friendly reductant such as hydrogen can also be
used for the required application. The requirements of the reduction roast remain the
same — reduction of manganese oxides to MnO and the reduction of iron oxides to
Fes30a4. A thermodynamic analysis of the reduction of manganese and iron oxides by
hydrogen was be carried out in order to determine whether the desired phases can
co-exist within any range of conditions. In order to do this, iron and manganese
Chaudron diagrams were drafted and are shown in Figure 2.10. The corresponding
stepwise reduction of the respective manganese and iron oxides are also listed below.

Manganese reduction reactions:

2MnO2 + Hz = Mn203 + H20 2.13
3Mn203 + H2 = 2Mn304 + H20 2.14
Mnz304 + Hz2 = 3MnO + H20 2.15

The iron and manganese Chaudron diagrams for hydrogen reduction appear similar
to the respective Chaudron diagrams for reduction with CO. Both have a distinct area
in which both target phases, MnO and FesO4 are present. The reduction of manganese

ores with hydrogen will have the advantage of producing H20 instead of COa2.
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Figure 2.10 - Chaudron diagram of the MnO;-Fe;0s-H»>-H>O system. Data obtained from

FactSage version 7.3 with databases FToxid and FactPS.
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2.5.5 Analysis of previous work using the reduction roast-magnetic separation
method

A large amount of research in this area has come in the last decade as the availability
of high-grade manganese ores continues to decrease. Many attempts have been

made to improve the techno-economics of the process.

A recent pilot plant study was carried out by Singh et al., (2021). The variables under
investigation were the raw material feed rate (3,4,5, and 6 tph) and feed coal
consumption (25%, 29%, 33%). It was found that the Mn in the ore could be increase
from 30wt% to 46wt% and the Fe decreased from 27wt% to 12wt%. A Mn recovery of
70%, to the non-magnetic stream, was also achieved.

Pereira et al., (2014) carried out a calcination study on a Brazilian manganese ore. An
increase in the Mn grade was found but this was attributed to the loss of CO2 and OH
during thermal decomposition of carbonated and hydrated minerals. This also caused
the SiO2 grade to increase.

Mpho et al., (2013) carried out an initial test which comprised of a two-stage magnetic
separation process without any reduction roast. It was found that this process showed
poor Mn separation and low Mn/Fe ratios. When a reduction roast was added prior to
the magnetic separation, the ore was upgraded from 27.71% Mn and 30.90% Fe to
58.44% Mn and 2.52% Fe with a Mn recovery of 72.31%.

Y. Zhang et al., (2017) investigated the effect that the addition of Na salts (Na2S203)
would have on the separation efficiency of Mn and Fe. It was found that the addition
of the salts increased the separation efficiency. Without the Na salt, the products from
the reduction roast were metallic Fe, MnO and (Fe,Mn)2SiOa4. The latter 2 reported to
the non-magnetic stream. With the Na salts present, the products formed were metallic
Fe, Mn2SiO4 and MnS. Again, the latter 2 reported to the non-magnetics, except this
time, the products reporting to the non-magnetics were not associated with any Fe.
This increased the separation efficiency. This result, however, may be irrelevant to the
present work as in this work, the aim is to reduce to MnO and Fes3Oa4 rather than

metallic iron.

L. Gao et al.,, (2019) carried out tests on the selective reduction of low-grade

manganese ores followed by magnetic separation. The aim was to optimize operating
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parameters such as temperature of the reduction roast, roasting time, manganese ore
size and FC/O ratio (fixed carbon to oxygen ratio). With the optimized conditions, a
manganese recovery of 71% was obtained and the resultant product had a Mn/Fe ratio
of 10.85. L. Gao, Liu, Pan, et al., (2019) carried out a similar study, but went further to
determine the cause of the low manganese recoveries. It was discovered that the poor
separation of Fe and Mn may be related to phase transformations and intrinsic
morphology evolution of composite oxides containing Mn, Fe, Al and Si. Such oxides
include spinel’s such as (FeyMni.y)Al204, fayalite (FeyMn2)SiO4 and a (FeO)x(MnO)1- x
phase. In order to overcome this poor separation, recommendations were made for
reduction roast conditions. These recommendations are as follows: high temperature,
short reduction times and fine Mn-Fe ores. With the optimized conditions obtained, a

manganese recovery of 89.38% was obtained.

A brief overview of some of the other work done is listed in Tables 2.7 and 2.8 below:
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Table 2.7 - Summary of experimental conditions and optimal conditions for previous work done employing the reduction roast-magnetic
separation technique

Reference Mn Separation
Minerals particle size
|
(Mpho et al., Pyrolusite - 10%CO - 480 - 1073 Wet Davis - 1 - 0.5-1
2013) Todorokite 90% Tube mm
CO2
(L. Gao et al., Bixbyite 29-67% 48% 120- 360 1273- 1323 Wet Davis 0.025- 0.1 - <74 um
2018) Manganite Coal Coal 480 1373 Tube 01
(Liu et al., 2018a) | Pyrolusite - 10%CO 60-80 80 873- 1073 Wet Davis - 0.1 - doo =74
Todorokite 90% 1273 Tube pHm
CO2
(Huang et al., Bixbyite - 75% 30-150 100 1173- 1373 - Low - 0.1881 - <74 um
2013) Anthracit 1473 Intensity
e
(Kivinen et al., Pyrolusite - 15% - 30 1073- 1073 - - - - 54-72% | d72 =74
2010) Manganite Coke 1273 <74 pum
um
(Y. Gao et al., Cryptomela | 0-40% | 30% CO | 0-100 60 273 - 873 Wet Magnet - 0.087 0-1000 | <105 pym
2012) ne CcO 973 um
Pyrolusite
(Suharno et al., Manganite - 20% - 60 - 973 Dry Low - 0.5 - -
2018) Coal Intensity
(Singh et al., Psilomelane | 10-20% 15% - 30 773 - 923 Wet Davis - 0.3 - -
2011) Pyrolusite Coal Coal 1023 Tube
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Table 2.8 - Reported Mn and Fe contents of the feed and concentrate obtained under optimal conditions

Feed wt% Concentrate wt%

(Mpho et al., 2013) 28 | 31 | 09 |
(L. Gao et al., 2018) 30 28 1.07 10 77
(Liu et al., 2018a) 23 32 0.72 48 9.3 5.16 65
(Huang et al., 2013) 39 21 1.86 61 4 15.25 74
(Kivinen et al., 2010) 35 18 1.94 54 4.7 11.49 65
(Y. Gao et al., 2012) 37 13 2.85 45 2.8 16.07 95
(Suharno et al., 2018) 21 15 1.40 28 4.6 6.09 69
(Singh et al., 2011) 32 14 2.29 42 8.4 5.00 49
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2.6 Gas-solid reaction phenomena

The reduction of manganese ores can be described as a gas-solid reaction. This is
because the temperatures reached in the reduction vessel (a rotary kiln for example)
typically reaches a maximum of about 950 °C and thus no melting occurs. The relevant

gas-solid reaction mechanisms and kinetics will therefore describe the reaction well.

Gas-solid reactions are heterogeneous in nature which means that along with
chemical kinetics, the system will also be affected by geometric factors and mass
transport phenomena. Gas-solid reactions also take place at a boundary and thus the
mass transport (of products and reactants) to and from this boundary will be extremely

important.

A typical gas-solid reaction can be expressed in the following way (Szekely et al.,
1976):

aA(g) + bB(s) = cC(g) + dD(s) 2.16

There are four main steps that influence these gas-solid reactions and the magnitude
of the influence of each step is dependent on the specific reaction being evaluated.

The four steps are as follows:

Mass transfer of reactants/products from the bulk to the reaction interface.
Diffusion of reactants/products within the pores of the ore
Adsorption/desorption of reactants/products

H w N PR

Activation control

Steps 3 and 4 represent the chemical reaction rate limiting step. Therefore, the three
main mechanism of gas-solid reactions are mass transfer, described by step 1, pore
diffusion, described by step 2, and chemical reaction control. These steps may then
be individually affected by external factors, such as nucleation of a second phase, heat
transfer or structural changes of the solid (sintering for example). The analysis of gas-
solid reactions is therefore complex. Often, it can be found that the rate of one of the
steps is significantly lower than the other phases — this step then becomes the rate
limiting step. The most common rate limiting steps in gas-solid reactions is chemical

reaction control and pore diffusion control. Some scenarios of the rate limiting step
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have been described by Szekely et al., (1976), for example, at low temperatures,
above a certain minimum pellet size, chemical reaction control will be dominant, while
at higher temperatures, diffusional resistance in the solid particle becomes the rate
limiting step. Between the “low” and “high” temperature range, there is often an

intermediate section in which there exists a mixed reaction control.

External mass transfer, which corresponds to step 1, can be further explained as the
diffusion of gas between the reaction interface and the bulk. The rate of mass transfer
from the solid to the gas per unit area of the solid and can be described by the equation

below:
NA = hp(CAS - CAO) 217
Where:

¢ hp— mass transfer coefficient
e Cas — concentration of species A at the solid surface

e Cao— concentration of species A in the bulk

Pore diffusion, which corresponds to step 2 is described as the movement of a gas
through a solid that contains pores. The modelling of the diffusion of a gas through a
solid is significantly more complex than the modelling of the diffusion of a gas through
a liquid. This is because the available area for diffusion in a solid varies according to
the structure of the pores within the solid. This may make the diffusion path more or

less tortuous. The flow of a gaseous specie in solid can be described as:
NA = _DeffACA 218
Where:

e Deit — effective diffusivity

e ACa — concentration gradient

The effective diffusivity is a combination of the effects of two diffusion mechanisms,
namely Knudsen diffusion and molecular diffusion. Molecular diffusion relates to
diffusion in larger pores whereas Knudsen diffusion relates to diffusion in smaller

pores. The effective diffusion can be calculated from the following equation:

1 1 1
() 219
Degr DaBeff Daxk
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Where:

o Daseff — effective molecular diffusivity
e Dak — Knudsen diffusivity

Chemical reaction control describes steps 3 and 4 and includes considerations
regarding the kinetics of the reaction surface as well as the adsorption, desorption and
reaction between species. The general rate equation with reference to the typical gas-
solid reaction (equation 2.16) can be described as follows (solid activities assumed to

be unity):
14
= ke (an - C—C) 2.20
Where:

e kc — chemical rate constant
e K — equilibrium constant
e Caand Cc — concentrations of reactant and product gasses

e m and p — reaction orders
2.7 Kinetic Model

The determination of suitable kinetic models to use for gas-solid reactions has been
carried out in great detail, and as such there are several different models. The
selection of a suitable model — which can accurately depict experimental conditions,
therefore relies on the type of system being studied. Gas-solid reaction models

typically fall withing 3 main categories (Larssen, 2020):

e A model in which the solid is non-porous,
¢ A model in which the solid is porous, and

¢ A model in which the solid is made up of many non-porous grains/particles.

The most commonly used model for a gas-solid reaction assumes that the initial solid
is non-porous, and this model is the shrinking core model. As with most mathematical
models, the shrinking core model makes several assumptions and has some

limitations, namely:

e Solid particle with no porosity

e |sothermal conditions
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e The model assumes that the reaction is first order with respect to gaseous
reactants, and
e The transportation of gasses (both product gasses and reactant gasses) is

assumed to occur via equimolar diffusion.

The shrinking core model takes into consideration the three steps of gas-solid
reactions, namely external mass transfer, pore diffusion and chemical reaction control.
The general expression for the shrinking core model, taking these 3 steps into
consideration is as follows (Szekely et al., 1976):

* 4X
t* = gr,(X) + of (pF,,(X) + Sh,,) 2.21

Where:

e t" - dimensionless reaction time (t" = 1 for full conversion)

e X —conversion

e Fp—shape factor (Fp = 1 for a slab, 2 for a long cylinder and 3 for a sphere)

e (- reaction model for chemical reaction

e o2 — shrinking core modulus (gives the ratio between the influence of the

chemical reaction vs the influence of mass transfer)

In order to obtain the specific reaction time, t, from Equation 2.21, the following
equation must be used. This equation assumes that the resistance offered by mass
transfer through the boundary layer is negligible. The equation can be used for a

spherical particle:

2
t= 2 .C+g(x) + 25 (x) 2.22
co

ke 6DECeo

Where:

e p — particle density

e r— particle radius

e ke — chemical rate constant

e C°- bulk gas composition

e g(X) — reaction model for chemical reaction with contracting volume
e De — diffusion constant

e p(X) — reaction model for 3D diffusion
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While the application of this model remains the most common, researchers have
applied different models to gas-solid reactions. A minor overview of available literature

is given in Table 2.9.
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Table 2.9 - Brief overview of kinetic models used by previous researchers for manganese ore reduction

Solid

Carbon

Temperature

(°C)

Model/Rate

controlling

N ERISN

Reasoning

Ea
(kJ/mol)

Calcined BHP, CO:CO2 - 700-1100 10-20 | Mn3Oa4 MnO Shrinking core model. SEM 41(ASM | Berg, 1998
Namibian ore Combined chemical | (observation | ore), 50-
(NAM), and reaction and pore of product 70
ASMAN ore diffusion layer) (NAM
ore)
Calcined 7C0O:3C02 - 700-1100 3-5 MnzOa4 MnO Shrinking core model. SEM 30-45 Berg &
ASMAN and (plates) Combined chemical Olsen, 2000
Gemco ore reaction and pore
diffusion
Ore details not | 3CO:7COz2 - 400-700 0.105- | Mn3Oa4 MnO | Nucleation and growth | Model-fitting 66 Y. Gao et al.,
specified 0.150 2012
Baharia iron ore | 4CO:CO2 - 600-1000 1-4 MnO2 MnO Diffusion and Model-fitting 9.61 El-Geassy et
chemical reaction and and al., 2000
control magnitude 36.4
of Ea
Low grade H2 - 750-950 5-7 MnO2 MnO Chemical reaction Model-fitting 79.8 El-Hussiny et
Egyptian ore al., 2015
which was
pelletised
MnO2 Ar X 1100-1400 - MnO2 | Mn3Og4 Multistep shrinking Assumption 71.3 Van
core Deventer,
1988
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2.8 Repeatability of experiments

Several studies carried out on the reduction of manganese ores also include a study

on the reproducibility of the reduction experiments.

The study by Berg & Olsen, (2000), involved the determination of the reduction kinetics
of different manganese ores by carbon monoxide. The ores involved in the study were
South African ores from the “ASMAN” company and Australian ores from “GEMCQO”
(Groote Eylandt). The reproducibility of the reduction experiments was carried out
using a thermogravimetric analysis. The samples used in this study were cut from the
ores received and underwent no further sample preparation. It was found that the
weight loss-time relationship for two samples, cut from the same lump of ore, showed
significant differences even when treated under identical conditions. This poor
repeatability of experiments was attributed to the uneven distribution of minerals in the
ore lump. Other explanations for this are variations in the physical properties of the

ore, such as natural pores or cracks, which will affect the reduction kinetics.

In the PhD thesis by Larssen, (2020), two different types of manganese ores were also
subject to a thermogravimetric analysis in order to test the repeatability of the reduction
experiments. The ores used were two commercial ores, Comilog and Nchwaning ore.
It was found that the reduction behaviour of the Nchwaning ore was less repeatable
than that of the Comilog ore. This is due to the fact that the Nchwaning ore was more
heterogenous in nature. It was also found that the larger particles of Nchwaning ore
showed greater variation in reduction behaviour. This is because the larger the particle
size, the fewer particles evaluated in each experimental run, which would increase the

effect of natural variation.

The discussions above allow the conclusion that the repeatability of the reduction
experiments is dependent on the mineral heterogeneity and the particle size of the ore
being used as well as the ores natural porosity and the presence of any cracks. Due
to the fact that this project deals with fine manganese ores, it is likely that the effect of
mineral heterogeneity will be minimal (aided with suitable sampling methods). The

presence of microcracks and porosity in fine ore is also expected to be minimal.
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3 Preliminary test work

3.1 Chemical and mineralogical analysis of ore

3.1.1 Sample preparation

Samples were obtained from the Assmang Nchwaning mine in the Northern Cape,
South Africa. The samples obtained were from the ultra-fines (slimes) dump. The mass
of the head sample was 300 kg. The sample obtained was wet and had to be dried
in an oven at 110°C. After drying, the fine ore agglomerated significantly and had to
be milled to break apart the agglomerates. The concern was how this would affect the
PSD of the ore and as such golf balls were used as grinding media. The head sample
was split into 10 small samples of £30 kgs each using a large rotary splitter. Two of
the 30 kg samples were recombined and re-split using the large rotary splitter. This
formed 10 samples of +6 kg each. Five of these small 6 kg samples were combined
to form a representative 30 kg sample. This sample was then put through a smaller
rotary splitter and split into 10 samples of £3 kg each. These samples were then used

for the experimental work.
3.1.2 Procedure and apparatus

The main aim of this section of the work was to get a good idea about the mineralogical
and chemical nature of the ore. This includes the distribution of different phases, the
prevalent Mn and Fe minerals and the Mn/Fe ratio. Other information such as the PSD
and analyses of the different size fractions provided information on the distributions of

the different minerals in the different size fractions.
Particle size distribution (PSD)

In order to determine the PSD of the sample, one of the 3 kg samples was put through
a sieve shaker. The screen sizes used were 600 ym, 425 pym, 300 ym, 212 ym, 150
pMm, 106 pm, 75 uym, 53 um and a pan which represented the -53 ym fraction. Ore was
fed to the 600 um screen, after which, the lid was securely fastened, and the sieve
shaker was started. The dry screening was carried out for 10 minutes. The resultant

material from each screen was then weighed and the PSD was calculated.

The calculated results as well as the PSD plot are depicted below:
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Table 3.1 - PSD calculations for Nchwaning slimes

Size Fraction (um)

Figure 3.1 — Cumulative particle size distribution for the Nchwaning slimes sample

The obtained PSD indicated that the most prevalent size fraction in the sample is the

-106+75 pm size fraction. The F80 (80% passing) for the sample lies within the

- 425+300 pm size fraction.
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Size
fraction Mass on | Mass % on | Cumulative mass cumulative
screen (g) screen passing screen mass % passing
600 163.3 6.13 2501.10 93.90
425 231.3 8.68 2269.80 85.22
300 215 8.07 2054.80 77.14
212 184.4 6.92 1870.40 70.22
150 202.9 7.62 1667.50 62.60
106 193.9 7.28 1473.60 55.32
75 1066.4 40.02 407.20 15.29
53 270 10.13 137.20 5.15
37.48 137.2 5.15 0.00 0.00
2664.4 100.00
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X-Ray Diffraction (XRD)

An analysis of the different size fractions formed from the screening operation
described above was carried out by XRD and XRF. The different size fractions (larger

than 75 pym) were milled to -75 um.

For the XRD analysis, the samples were prepared according to the standardized
PANalytical backloading system, which provides a nearly random distribution of the
particles. The samples were analysed 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=1.789A). The
mineralogy was determined by selecting the best—fitting pattern from the ICSD
database to the measured diffraction pattern, using X’Pert Highscore plus software.
The relative phase amounts (weight% of crystalline portion) were estimated using the
Rietveld method (X'Pert Highscore plus software).

The XRD results, depicted in Table 3.2, indicate that the most prevalent Mn phases
are braunite and braunite Il, together comprising over 44% of the sample. The other
major manganese phase is bixbyite, making up 12,31% of the sample. The major iron
containing phase is hematite, making up 13,73% of the sample. Large amounts of
carbonates were also detected, with the main one being calcite, making up 19,53% of
the sample. Various other phases were detected, such as barite and magnesite,
however, these phases make up very small amounts of the sample.
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Table 3.2 - XRD results for different size fractions for Nchwaning slimes

Mn Phases Other phases
Bixbyite | Hausmannite | Manganite | Braunite | | Braunite Il | Birnessite | Hematite | Quartz | Calcite | Magnesite | Barite
Mn2O3 Mn3Oa4 MnO(OH) | 3(Mn,Fe), | 7(Mn,Fe). Fe.Os SiO; CaCOs MgCOs BaSO,
03.MnSi03 Os.C&SiOs
-53 5.15 24.79 3.3 6.33 25.43 0 0.77 12.24 0.03 22.17 6.33 2.29
53 10.13 10.43 0 0 16.43 24.42 0.66 12.64 1.71 21.27 11.62 0.65
75 40.02 16.37 0 3.87 0 37.15 0.72 12.28 0.84 22.71 0 2.27
106 7.28 11.43 4.04 3.69 20.41 27.7 0 15.01 1.19 16.53 0 0
150 7.62 8.28 3.8 4.22 17.42 33.13 0 14.94 1.21 17 0 0
212 6.92 8.96 3.97 3.58 18.3 32.95 0 15.41 1.48 15.36 0 0
300 8.07 7.76 3.85 3.38 18.4 34.47 0 15.74 1.36 15.04 0 0
425 8.68 8.23 4.17 3.34 19.92 31.82 0 15.96 1.25 15.3 0 0
600 6.13 0 8.8 4.03 24.33 28.96 0.32 15.52 1.11 16.94 0 0
Total | 100.00 | 12.31 2.24 3.52 11.76 31.48 0.41 13.73 1.08 19.53 1.50 1.09
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X-Ray Fluorescence (XRF)

The same samples (the different size fractions) used for XRD were used for XRF. For
the XRF analysis, the samples were prepared as pressed powders (10-30g powdered
sample, mixed with 20 drops Moviol (PVA) and pressed to 10 tonnes). The Thermo
Fisher ARL Perform’X Sequential XRF instrument with Uniquant software was used

for analysis.

XRF results, depicted in Table 3.3, indicate that the Mn content of the sample (just
above 44%) was high enough to be considered a high-grade Mn ore. The major issue
with the ore was thus the high iron content (14,62%) which resulted in a Mn/Fe ratio

(3,01) that is too low for economic FeMn production.
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Table 3.3 - XRF results on different size fractions for the Nchwaning slimes

Size Frac SEINERIES
D | (m) |sample | |
A -53 5.15 4491 14.88 7.51 2.34 2.09 2.21 0.39 0.39 0.38 3.02
B 53 10.13 44.66 15.20 7.27 2.38 2.15 2.24 0.39 0.35 0.37 2.94
C 75 40.02 44.84 14.80 7.34 2.40 2.11 2.02 0.38 0.38 0.39 3.03
D 106 7.28 43.74 14.24 7.57 2.32 2.21 1.72 0.37 0.39 0.34 3.07
E 150 7.62 43.22 14.17 7.50 2.53 2.20 1.63 0.37 0.46 0.44 3.05
F 212 6.92 43.72 14.29 7.33 2.44 2.24 1.68 0.38 0.43 0.36 3.06
G 300 8.07 43.26 14.49 7.47 2.54 2.27 1.79 0.39 0.45 0.38 2.99
H 425 8.68 42.65 14.39 7.65 2.63 2.30 1.78 0.39 0.46 0.41 2.96
I 600 6.13 41.58 14.11 8.60 2.87 2.51 2.04 0.40 0.45 0.37 2.95
Total 100.00 44.03 14.62 7.48 2.46 2.19 1.94 0.38 0.40 0.39 3.01
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4 Upgrading of manganese ores by reduction roast and

magnetic separation

In this section of the project, an optimization study was carried out for the reduction of
manganese ores using CO as reductant. After the ore was reduced under the specified

conditions for each test, it was milled and subject to a magnetic separation procedure.
4.1 Experimental design

The variables of interest in this optimization study were time, temperature, and the
amount of reductant (CO: CO2 ratio). In order to simplify the experimental design, a
constant time was used for each experimental run. This time is the time required for
the reaction to reach completion and is described in Section 4.2.1. Being able to use
a constant time means that the only two variables under consideration for the

optimization studies were temperature and the amount of reductant.
4.1.1 Central composite design

A central composite type of experimental design was used for this study. The
conditions (temperature and reductant addition) were obtained from the respective

Chaudron diagrams.

In terms of the actual experimental design, each of the variables has 5 levels: a higher
level, a lower level, a higher and lower axial point and a central point. The levels are
denoted by (-« , -1, 0, 1, ). A spherical-type central composite design was considered
for the optimization study and thus the star/axial points are determined by the following

relationship:

« =k 4.1

As the factorial design for the 2X optimization study will be a 22 design - o« = 1.414.
The central composite experimental design can therefore be described in Figure 4.1

below:
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Figure 4.1 - Central composite experimental design

Central composite design using CO as reductant

The specific temperatures and CO/CO: ratios used for this optimization study were
obtained from the Fe and Mn Chaudron diagrams. For illustrative purposes, the
Chaudron diagram, with the central composite design is depicted in Figure 4.2.
Experimental conditions were selected based on the placement of the central
composite design within the respective chaudron diagram. The placement was
dependant on two main factors — identifying an area in which the two target phases
(MnO and Fes0a4) coexist, and to have the experimental conditions at temperatures as

high as possible to ensure fast reaction kinetics.

The central composite experimental design was considered due to its ability to
investigate a wide array of conditions within an experimental space. It allows for the
determination of the effects of single variables on the response as well as the effects
of interactions between the variables on the response. The central composite design
can also be used to form numerical models and response surfaces from experimental

data.
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Fe Chaudron Diagram
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Figure 4.2 - Iron Chaudron diagram, for CO reduction, depicting the central composite
experimental design

The factorial design is a 22 design. There are therefore 4 factorial points, 4 star/axial
points (2k) and nc centre points. The 2 factors are temperature and CO/COz ratio. The
relationship between the coded variables (xi1, x2) and the natural variables

(Temperature and CO/CO) ratio are as follows:

Temperature—1000

x, (Temperature) = o 4.2
co
x (CO ) = oz 2 4.3
2 \co2 10 '

The relationships described above can be used to formulate the different levels for

each natural variable. These levels are depicted in Table 4.1.
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Table 4.1 - Values of natural variables for different levels of coded variables for CO reduction

tests
Parameter Higher Lower Central Higher axial | Lower axial
level (+1) | Level (-1) | point (0) | point (+1.414) | point (-1.414)
1100K 900K
CO/COgz ratio X2 30% 10% 20% 34,14% 5,86%

The complete experimental design for the CO/CO2 test is depicted in Figure 4.3 below:

A
(1000 K, 34.14%)
9
(900K, 30%) .~ .. (1100 K, 30%)
"'\
32
SN
o
N a8 N
3 o L @
S | (859K, 20%) ! (1000 K, 20%) {1141 K, 20%)
~ . v
Q "
\) 1
(900K, 10%) . " (1100K, 10%)
@
(1000 K, 5.86%)

Temperature (K)

Figure 4.3 - Depiction of the experimental design for the CO/CO; test (including values of the
natural variables)

The experimental runs are shown in Table 4.2 below. The centre point of the central
composite design was run a total of 3 times, in order to establish the repeatability of
the test work. This was done prior to the remainder of the tests to determine if 1

experimental run would be suitable for them.
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Table 4.2 - Central composite design for CO/CO, tests

Std. order Reductant
(CO/CO2 Ratio)
1 -1 -1 900 10
2 1 -1 1100 10
3 -1 1 900 30
4 1 1 1100 30
5 -1.41 0| 858,58 20
6 1.41 0| 1141,42 20
7 0 -1.41 1000 5,86
8 0 1.41 1000 34,14
9 0 0 1000 20
10 0 0 1000 20
11 0 0 1000 20

4.1.2 Review metrics

The following review metrics were used in this section of the experimental work. The
main aim of this investigation is to obtain a suitable feed material for FeMn production.
A suitable feed material is defined as having a manganese grade > 40%, a Mn/Fe ratio
of at least 7,5. A manganese recovery in the region of 80% is also advantageous in
terms of the economics of the process as discussed in Section 2.1.3. Taking this into
consideration, the most industrially relevant measures for this work would be the

following:

e Recovery of the manganese to the non-magnetic stream (Rwmn)
e Total manganese content of the non-magnetic stream (Twn)

e The Mn/Fe ratio in the non-magnetic stream.

The Rwmn can be calculated in the following manner:

mass of non—magnetic product X Mn Grade in non—magnetic product

mass of feed to mag.sep X Mn grade in mag.sep feed

In terms of process optimization, 2 separate review metrics were considered, namely,

the percentage Fe removed, and the percentage Mn lost.

The percentage Fe removed can be calculated using the following equation:

mass of mag stream XFe in mag stream

4.5

%Fe Removed =
/o Mass of mag sep feed XFe in feed

The percentage Mn lost can be calculated using the following equation:
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mass of mag stream XMn in mag stream

%Mn Lost = 4.6

Mass of mag sep feed XMn in feed

Models of the percentage Fe removed, percentage Mn lost, and the Mn/Fe ratio were
formulated using the data collected during the central composite experimental work.
The models investigate first order interactions, two-way interactions, and quadratic
terms in order to find the best fit within the experimental range. It should be noted that
the models developed are purely empirical and are based of the best statistical fit to
experimental data. The models do not attempt to explain the mechanisms involved,

but rather describe what happens.

The effects of temperature and reductant addition on these review metrics are
expressed by the following equation:

Y, = Bio+ BuXi+ BiXe + BisXiXy + BuX? + BisX3 4.7
Where:
e Y4, Y2, Y3 - Percentage Fe removed, percentage Mn lost and the Mn/Fe ratio
in the non-magnetics respectively

e [3i— empirical model coefficients obtained from test data

e X1, X2 — Temperature (K) and reductant addition respectively.
4.1.3 Sample preparation

For the optimization study, the fine ore obtained from Nchwaning mine slimes dam
was pressed into disc-shaped brigquettes. Representative 3 kg samples were made
(process described in Section 3.1.1.) from the large sample obtained. These 3 kg

samples were used for the briquettes.

Each briquette had a diameter of 40 mm, a thickness of approximately 10 mm and
contained 30 g of ore. The ore was mixed with approximately 3 ml of water before

being pressed with a force of approximately 4,5 tonnes.

The main purpose for using briquettes is in attempt to ensure repeatability of test runs.
The use of briquettes also allowed the use of a “basket” rather than a crucible. This

allowed reducing gas to have a better contact area with the sample.
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4.1.4 Procedure and apparatus

A vertical retort furnace setup was used for the optimization studies. A diagram of the
setup is shown in Figure 4.4. The gas flow was controlled with multiple mass flow

controllers.

Pulley
Off-Gas _J| Temp.

Measurement
MEC Samples
in mesh
basket
Furnace
Controller

Chamber
Furnace

Figure 4.4 - Depiction of vertical retort furnace setup used for optimization studies

The procedure followed during each test run was as follows:

Five briquettes were selected and weighed out, after being placed into a steel basket
and then placed into the retort. The briquettes were stacked in a manner that allowed
for easy gas flow between them. The stacking pattern was maintained for each

experimental run. The retort was then closed well to ensure an airtight seal.

Prior to the start of each test, the furnace was heated to the desired temperature. The
roasting temperature was controlled by a digital temperature controller and a separate
type K thermocouple was placed in a steel tube which was lowered into the retort.
Once the furnace was at temperature, nitrogen (N2) was introduced into the retort after
which, it was lowered into the hot zone of the furnace — a temperature profile was

carried out beforehand to ensure that the samples reached the set temperature. While
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in the hot zone, the samples were allowed to heat up for 15 minutes under a N2
atmosphere. After 15 minutes, the N2 gas stream was closed, and the relevant
reducing gas mixture was allowed to flow. The inlet gas was fixed at 1,5 I/min. The
reduction then proceeded for 1 hour 45 minutes (for details on how this time was
determined, refer to Section 4.2.1). Once the reduction time had elapsed, the retort
was removed from the furnace and the samples were allowed to cool in a nitrogen
atmosphere. The samples were then removed and weighed. The reduced briquettes
were then pulverised, split using a rotary splitter and magnetically separated using a
Davis Tube (wet magnetic separation device in which the sample is placed within a
glass tube that is moved repeatedly into and out of a magnetic field, causing magnetic
particles to be held in suspension, while non-magnetic particles pass through the
magnetic field), with a magnetic intensity of 1550 Gauss. The resulting magnetic
stream and non-magnetic stream were then sent for XRF and XRD analysis and were
mounted for SEM analysis.

4.2 Preliminary Tests

4.2.1 Test to determine suitable experimental time

In the central composite design, there are two main variables — temperature and
reductant ratio. In order to determine a suitable time period that each test in the
optimization study can be run for, a test was carried out on the thermobalance setup

(same setup used for the kinetic study — more information in Section 5.1).

This test was carried out with the same experimental conditions as the centre point of
the central composite design, i.e., a 20% CO, 80% CO2 gas mixture at a temperature
of 1000 K.

The results of the thermobalance test are shown in Figure 4.5 below:
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Figure 4.5 - Mass loss vs time plot for time determination study in CO/CO; atmosphere (N2
inert atmosphere on left of line A, CO/CO; atmosphere on right of line A. Line B represents
time at 80% reduction). Test carried out at 1000 K and 20 vol% CO

Figure 4.5 represents the mass loss over time for the test carried out in the
thermobalance. Line A represents the time at which the atmosphere was changed
from an N2z purging atmosphere to a reducing CO/CO2 atmosphere. Line B represents
the time at which 80% of the reduction has taken place. This time is 6880 seconds or
1,91 hours. It was therefore decided that a total time of 2 hours would be suitable for
each test run. This includes 15 minutes under an inert atmosphere (either N2 or Ar)
while the samples heat up to the relevant temperature and 1 hour 45 minutes under

the relevant CO/CO2 atmosphere.
4.2.2 Test to determine suitable magnetic field intensity

A series of tests were carried out to determine the effect of magnetic intensity. In order
to carry out these tests, samples were reduced at the following conditions: 1000K and
20 vol% CO. These conditions coincide with the centre point of the central composite
design. The variable under investigation was the magnetic field intensity of the Davis
Tube. All other variables — time, water flowrate, motor speed and mass of sample used

remained constant. The range of magnetic field intensities were obtained from the
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typical values found in literature (summary in Table 2.7). According to L. Gao et al.,
(2018) and Liu et al., (2018b), an optimum magnetic field intensity of 1000 Gauss was
determined, while Huang et al., (2013) found an optimum magnetic field intensity of
1881 Gauss. A summary of the investigated magnetic field intensities, along with the

calculated review metrics are shown in Table 4.3 below.

Table 4.3 - Results of magnetic field intensity tests (original ore Mn/Fe ratio of 3,01)

Sample Davis Tube Magnetic %Fe Mn/Fe
Number | Controller setting | Intensity (G) Removed Ratio in
(A) Non-mags
1 | o4 | 1000 | 1444 | 454 | 318 |
2 0,5 1300 13,89 5,56 3,26
3 0,6 1550 22,5 8,94 3,58

Two main observations could be taken from the results of this test. The first is that the
most suitable magnetic field intensity for this test work is 1550 Gauss. The second
observation is that the increase in the Mn/Fe ratio was not as large as that achieved

in other work with this process.
4.3 Results of optimization study

The quantification of the reduction roast and magnetic separation process was carried
out by determining the elemental composition of each stream using XRF and the
phase composition using XRD. The relevant review metrics were then calculated using
this data.

4.3.1 Reproducibility of experiments

In order to test the reproducibility of the experiments in the optimization study, 3 tests
were carried out at the conditions representing the centre point of the central
composite design. These conditions are a temperature of 1000K and a CO content of
20 vol% CO. The XRF results and calculated review metrics for these 3 tests are
summarised in Table 4.4 and Figure 4.6. The results of the tests show insignificant
differences between the 3 sets of tests. It can therefore be concluded that the tests
show good repeatability.
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Review Metrics
Mn/Fe ratio in

%Fe

number Mn Fe non mags non-mags removed lost
Centre
point 1 47.2 | 13.2 82.01 3.58 22.5 8.94
Centre
point 2 474 | 135 85.22 3.51 22.98 8.94
Centre
point 3 47.6 | 13.2 80.22 3.61 22.43 8.71

A plot of the results for each different test is depicted in Figure 4.6.
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Figure 4.6 - Values of different review metrics used to indicate the reproducibility of tests

4.3.2 XRD results

The XRD results obtained from each test run is depicted in Table 4.5 below. The XRD

results indicate that the target phases were achieved. In the majority of the tests, all

hematite was reduced either to magnetite or jacobsite (both these phases have a
spinel structure) and the majority of manganese phases were reduced to MnO. This

indicates that the reduction step for the optimization study was successful in producing

phases with different magnetic susceptibilities. Run 4 and 8 indicate that there is

neither hematite no magnetite present. This meant that the iron in the sample,
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observed from XRF and SEM EDS analysis was not accounted for. Upon further
investigation of the XRD spectra obtained, it was observed that under these
conditions, iron oxides were reduced to wustite. The wustite then reacted with
manganosite to form a composite monoxide phase (FeO — MnO solid solution) — this
phenomena was reported previously by L. Gao, Liu, Pan, et al., (2019). Considering
both, the sample chemistry from XRF and SEM EDS, as well as the best fit to the
observed XRD spectra, the phase identified was (FeO)o.331(MnQO)o.669. “Run 8 mags,”
for example, was found to be comprised of 70,8% of this composite monoxide phase,

which accounts for the iron found in the XRF results.

Considering the FeO-MnO phase diagram in Figure 4.7 below, it can be seen that

there exists a wide range of solid solubility between MnO and FeO.
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Figure 4.7 - FeO - MnO system (Allibert et al., 1995)
Considering the thermodynamic likelihood of forming wustite under the conditions
used for Run 4 (1100K — 30 vol% CO) and Run 8 (1000K — 34,14 vol% CO), from
Figure 4.2, these two points are the closest sets of conditions to the border between
the magnetite and wustite stability fields. It should also be noted that Figure 4.2 is
drawn assuming unit activities for each solid phase. If FeO were to form, the activity

would be lower than 1. This would cause the FeO-Fe304 boundary to shift downwards
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as depicted in Figure 4.8. This shift of the FeO + MnO phase field indicates that it is
thermodynamically possible that FeO could form under these conditions. FeO — Fe3Oa4
boundaries for different FeO activities are depicted in Figure 4.8 (assuming ideal

solution and that the activity follows Raoult’s law).
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Figure 4.8 - Iron chaudron diagram with the FeO-Fes0O, boundary drawn for different FeO
activities (FeO activity indicated on each respective line)
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Table 4.5 - XRD results of the different test runs for the optimization study

Temperature
Test Number (K) %CO Mn Phases Fe Phases Other Phases
Bixbyite | Hausmannite | MnO | Braunite | | Braunite Il | Hematite | Magnetite | Jacobsite | Calcite | Quartz
Unreacted Ore - - 12.31 2.24 0 11.76 31.48 13.73 0 0 19.53 | 1.08
*CP2 Mags 1000 20 - - 33 - 6.66 - 30.42 2.3 7.61 -
*CP2 Non-mags 1000 20 8.83 - 55.2 - - - - 13.06 19.12 0.7
*CP3 Mags 1000 20 - - 32.15 - 3.82 - 24.74 24.69 14.61 -
*CP3 Non-mags 1000 20 9.52 - 54.7 - - - - 12.85 19.47 | 0.36
Run 1 Mags 900 10 9.53 - 19.45 - 9.71 5.39 - 42.61 13.3 -
Run 1 Non-mags 900 10 - - 17.96 - 37.85 - 14.14 1.8 25.3 0.75
Run 2 Mags 1100 10 8.89 - 32.83 - 3.4 - - 45.53 9.35 -
Run 2 Non-mags 1100 10 - - 40.29 - 16.77 11.3 - 16.98 12.74 -
Run 3 Mags 900 30 - - 25.19 - 11.18 - 15.61 37.72 10.3 -
Run 3 Non-mags 900 30 - - 43.81 - 17.72 - - 12.54 2296 | 0.89
Run 4 Mags 1100 30 - - 93.2 1.35 - - - 2.15 3.29 -
Run 4 Non-mags 1100 30 - - 88.18 - 1.5 - - 3.92 5.77 -
Run 5 Mags 858 20 - - 20.42 - 16.28 - 11.63 42.13 9.54 -
Run 5 Non-mags 858 20 - - 24.99 - 33.01 - - 14.07 24.69 -
Run 6 Mags 1141 20 - - 48.12 - 6.72 - - 45.16 - -
Run 6 Non-mags 1141 20 - - 80.5 - 7.68 - - 8.8 - -
Run 7 Mags 1000 5.86 - - 18.22 - 18.5 10.37 23.26 17.04 12.6 -
Run 7 Non-mags 1000 5.86 - 10.84 20.14 11.45 20.64 9.27 - - 23.41 -
Run 8 Mags 1000 34.14 - - 74.45 - 1.87 - - 5.03 18.65 -
Run 8 Non-mags 1000 34.14 - - 73.63 - 1.93 - - 3.94 18.15 -

*CP — Centre point
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4.3.3 XRF data

The XRF data for the different test runs in the optimization study is depicted in
Table 4.6. The XRF data indicates that the separation between magnetic phases
and non-magnetic phases was poor. While this resulted in a Mn/Fe ratio below
the target value of 7.5, the Mn grade in the ore does remain at acceptable levels.

Table 4.6 - XRF results of the different test runs for the optimization study

Test Number  Temperature %CO Element

(9] Mn Fe Ca | Si | Mg Ba | Mn/Fe
*CP2 Mags 1000 20 [33.78129.61(4.15|1.35|1.57| 0.74 | 1.14
*CP2 Non-mags 1000 20 [|47.43| 135 [7.36|2.17|2.26| 1.94 | 3.51
*CP3 Mags 1000 20 [34.08129.93(4.33|1.33|1.63| 1.05 | 1.14
*CP3 Non-mags 1000 20 [|47.64| 13.2 |7.42)|2.17|2.23| 1.96 | 3.61
Run 1 Mags 900 10 |34.33|30.04(3.85| 1.2 [1.42]0.795( 1.14
Run 1 Non-mags 900 10 | 45.86| 139 (7.48]2.16(2.28| 1.89 | 3.30
Run 2 Mags 1100 10 |38.41]25.33(4.63]|1.24(1.76|0.936( 1.52
Run 2 Non-mags 1100 10 |46.64|14.35(7.13|2.02(2.24] 1.96 | 3.25
Run 3 Mags 900 30 |30.12(32.81|4.39(1.25]|1.43(0.916| 0.92
Run 3 Non-mags 900 30 [|47.15(12.69(7.62|2.25|2.28| 201 | 3.72
Run 4 Mags 1100 30 |34.81(25.3714.82(1.97]|1.62(0.912| 1.37
Run 4 Non-mags 1100 30 |46.43(15.19|7.06(2.35|2.04( 1.64 | 3.06
Run 5 Mags 858 20 [32.49131.69(3.99|1.23|1.42(0.859| 1.03
Run 5 Non-mags 858 20 [146.22| 13.1 [7.68]|2.22|2.26| 1.95 | 3.53
Run 6 Mags 1141 20 [39.16|25.61|4.16|1.32|1.56( 1.03 | 1.53
Run 6 Non-mags 1141 20 (47.37114.63(6.69(2.25(2.02| 1.59 | 3.24
Run 7 Mags 1000 5.86 || 38.62|24.64|4.38]|1.21(1.56]|0.834| 1.57
Run 7 Non-mags 1000 5.86 | 45.56|14.47 (7.27]|2.06| 2.3 | 1.9 3.15
Run 8 Mags 1000 34.14 |1 26.59 (36.09|1452(1.61|1.67| 1.05 | 0.74
Run 8 Non-mags 1000 34.14 | 46.56 | 14.77 | 7.22 | 2.24 | 2.22| 1.9 3.15

*CP — Centre point
4.3.4 Calculated review metrics

The data obtained from the XRF analysis was used to determine the values of the
review metrics — Mn/Fe ratio of the non-magnetic stream, the percentage Mn lost,

and the percentage Fe removed. The results are shown in Table 4.7.
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Table 4.7 - Calculated review metrics at different combinations of temperature and vol%
CO. Results are highlighted with conditional formatting - green indicates the best result
for a specific metric and red the worst.

Mass% to Mn % Fe
Reductan non- Recovery Mn/Fe in remove
mags to non-mag | non-mag
900 10 84.53 88.04 3.30 19.84 7.73
1100 10 85.40 90.46 3.25 18.12 9.37
900 30 79.38 85.00 3.72 34.50 10.80
1100 30 92.81 97.87 3.06 1.67 0.78
859 20 83.18 87.32 3.53 27.66 9.67
1141 20 83.74 90.09 3.24 18.03 9.40
1000 5.86 85.89 88.87 3.15 14.16 7.56
1000 34.14 94.14 99.55 3.15 2.35 0.59
1000 20 79.11 85.22 3.51 22.98 8.94
1000 20 74.16 80.24 3.61 22.43 8.71
1000 20 73.92 82.01 3.58 22.50 8.94

From Table 4.7, it is evident that the increase in Mn/Fe ratio is significantly smaller
than the goal of this work. The Mn/Fe ratio increased from 3,00 to 3,72 in the best
result (900 K, 30 vol% CO). The Mn content of the non-magnetic stream from this
test contains 47,15% Mn (upgraded from 44% Mn). The Mn content, therefore, is
within an acceptable region. In this specific test, the percentage Fe removed also
peaks at 34,50%. Unsurprisingly, this specific test also has the highest
percentage Mn lost at 10,80%. The Mn recoveries to the non-magnetic stream
does seem to be high in most tests, however, this is not a critical metric, as a high
Mn recovery may just mean that there was very little magnetics recovered for a
specific test. Tests at 1100 K - 30 vol% CO and 1000 K - 34,14 vol% CO are two
examples of tests with high recoveries but with most of the reduced sample

reporting to the non-magnetic stream.
Effect of temperature

The effect of temperature was studied by considering Tests 1, 2, 3,4, 5, 6 and a

CP (centre point). The test numbers can be found in Table 4.2. The temperatures
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in these tests are 859 K, 900 K, 1000 K, 1100 K and 1141 K respectively.
Table 4.8 summarises the results for the tests at different temperatures in which
a constant fraction of CO was used (20 vol%). Averages of review metrics from
Tests 1 and 3 (900 K) and Tests 2 and 4 (1100 K) were considered, even though
different fractions of CO were used at these temperatures. This averaging is a

valid property of the factorial design.

Table 4.8 - Results from tests at different temperatures with a constant fraction CO (20

vol%)
emperature Aane s 0 2ane o5
W1t% of XRF W1t% of XRF
sample W1t% W1t% sample Wt% Wt%
Fe Mn Fe Mn
859 16.82 31.69 32.49 83.18 13.1 46.22
1000 20.89 29.61 33.78 79.11 13.5 47.43
1141 16.26 25.61 39.16 83.74 14.63 47.37

Plots of the 3 review metrics (Mn/Fe ratio, percentage Mn lost and percentage Fe

removed) can be found in Figures 4.9, 4.10 and 4.11 below.
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Figure 4.9 - Effect of temperature on Mn/Fe ratio in the non-magnetic stream
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Figure 4.10 - Effect of temperature on the percentage Fe removed
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Figure 4.11 - Effect of temperature on the percentage Mn lost

From the Figures 4.9 — 4.11, it can be seen that as the temperature increases, the
Mn/Fe ratio and the percentage Fe removed was found to decrease. This could be
due to the presence of solid solutions of Fe and Mn which hinder the separation
of Mn and Fe oxides. The specific solid solution phase found was
(FeO)o0.099(Mn0O)o.901. The percentage Mn lost remains fairly constant over the
temperature range. The results at 1100 K were considerably lower than other
results. The tests at 1100 K were carried out at 10 vol% CO and 30 vol% CO and
the average value was considered. At 1100 K and 30 vol% CO, the reduction of
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iron oxides proceeded to wiustite rather than magnetite. This then resulted in the
formation of a solid solution phase (FeO)o.331(MnQO)o.661 and significantly affected

the review metrics.
Effect of CO content

The effect of CO content of the reducing gas mixture was studied by considering
Tests 1, 2, 3, 4, 7, 8 and a CP (centre point). The test numbers can be found in
Table 4.2. The CO content considered in these tests are 5,86 vol%, 10 vol%, 20
vol%, 30 vol% and 34,14 vol% respectively. Table 4.9 summarises the results for
the tests at different fractions of CO that were run at a constant temperature (1000
K). Averages of review metrics from Tests 1 and 2 (10 vol% CO) and Tests 3 and
4 (30 vol% CO) were considered, even though these tests were run at different
temperatures. As previously mentioned, this averaging is a valid property of a

factorial design.

Table 4.9 - Results from tests at different CO contents

O Conte agne ea 0 agne ea
W1t% of XRF W1t% of XRF
sample | Wt% Fe | Wit% sample  Wit% Fe | Wit%

Mn Mn
5,86 14.12 24.64 38.62 85.88 14.47 45.56
20 20.89 29.61 33.78 79.11 13.5 47.43
34,14 5.86 36.09 26.59 94.14 14.77 46.56

Plots of the 3 review metrics (Mn/Fe ratio, percentage Mn lost and percentage Fe

removed) can be found in Figures 4.12, 4.13 and 4.14 below.
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Figure 4.14 - Effect of CO content on the percentage Mn lost
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The results are depicted in Figures 4.12 — 4.14. Each of the 3 figures indicate a
similar trend as the CO content of the reducing gas mixture increases. As the CO
content increases from 5.86 vol% to 20 vol%, an increase in each of the review
metrics is noted, including the percentage Mn lost, in which an increase is
undesirable. However, as the CO content further increases from 20 vol% to
34.14 vol%, large decreases in each of the review metrics are observed. From an
experimental viewpoint, when magnetic separation was carried out for this specific
sample, very little magnetics were recovered. In order to explain this, the XRD
spectra was investigated. It was determined, based on the chemistry observed
from XRF and SEM EDS analysis, that the presence of a solid solution phase is
the reason for the small amount of magnetics recovered. The phase observed is
(FeO)o.331(MNn0O)o.ss9. After Rietveld refinement, it was found that this phase makes
up 70.8% of the small amount of magnetics recovered. This indicates that at this
high-volume fraction CO in the reducing gas, the reduction proceeded further than
required — reducing to wistite, rather than magnetite. The formation of composite
monoxide phases has been previously observed (L. Gao, Liu, Pan, et al.,
2019). The data from the test at 30 vol% CO fits well within the observed trend
in the gas composition analysis, as both, the test at 30 vol% CO and the test at
34.14 vol% CO resulted in the formation of wustite rather than magnetite and
subsequently, the formation of a solid solution phase. In the temperature analysis,
the test at 1100K and 30 vol% CO was the only point in which reduction to wustite
was observed. This resulted in the point at 1100 K not fitting well within the

observed trend.
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4.4 Models

Despite the results of the optimization study not resulting in a high Mn/Fe ratio, the
review metrics were still modelled using response surface methodology and a least
squares method to fit a numerical model to the data. A statistical analysis was also

carried out on the models to determine if they were statistically significant.
4.4.1 Mn/Fe ratio model
The model for the Mn/Fe ratio is as follows:

Mn/Fe ratio = 3,56 - 0,14x; + 0,028x, - 0,15x;x, - 0,073x? — 0,19x% 4.8

Where:
T —1000
x1 = 4.2
100
co
—— 20
xz — CO+CO2 43
10

The statistical analysis of the developed model yielded an R? = 0,934, an
adjusted R? = 0,852 and a lack of fit (Pr >F) = 0,488. The model therefore has a high

adjusted R? value and a lack of fit that is not significant.

The contour plot and response surface developed for the Mn/Fe ratio is shown in
Figures 4.15 and 4.16.
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Figure 4.16 - Contour plot for the Mn/Fe ratio
Figure 4.15 - Response surface for the Mn/Fe ratio
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From Figure 4.15 and Figure 4.16, it can be seen that the Mn/Fe ratio approaches a
maximum at lower temperatures and at higher CO contents of the reducing gas
mixture. The stationary point in this response surface is at a temperature of 822 K and
a CO content of 27,9 vol%. A comparison between experimental Mn/Fe ratios and

those calculated using the model is shown in Table 4.10 below.

Table 4.10 - Comparison between experimental Mn/Fe ratio and calculated Mn/Fe ratio

Reductant | Experimental Calculated

Mn/Fe ratio Mn/Fe ratio | Difference

1 -1 -1 900 10 3,30 3,26 -1,27
2 1 -1 1100 10 3,25 3,28 1,00
3 -1 1 900 30 3,72 3,62 -2,59
4 1 1 1100 30 3,06 3,03 -0,71
5 -1.41 0 859 20 3,53 3,61 2,39
6 1.41 0 1141 20 3,24 3,22 -0,64
7 0 -1.41 | 1000 5,86 3,15 3,14 -0,21
8 0 1.41 1000 34,14 3,15 3,22 2,23
9 0 0 1000 20 3,51 3,56 1,36
10 0 0 1000 20 3,61 3,56 -1,33

4.4.2 Percentage Fe removed model
The model for the percentage Fe removed is as follows.

% Fe Removed = 22,71 - 6,02x; - 2,31x, - 7,78x,x, + 0,81x? — 6,48x 4.9

Where:
T —1000
x1 = 4.2
100
co
—=___20
x2 — CO0+CO02 43
10

The statistical analysis of the developed model yielded an R? = 0,893, an
adjusted R? = 0,759 and a lack of fit (Pr >F) = 0,0498. The model therefore has a
reasonably high adjusted R? value and a lack of fit that is on the verge of being

significant.

The contour plot and response surface developed for the percentage Fe removed is

shown in Figures 4.17 and 4.18.
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From Figure 4.17 and Figure 4.18, it is evident that the response surface for
percentage Fe removed shows a “saddle point” shape. While the response may not
be at an optimum at this point, in terms of process control, operating in these
conditions is preferred as a change in input does not lead to a significant change in
outputs. The stationery point is found at a temperature of 1073K and a CO content of
13,8 vol%. It does also appear like the response approaches a maximum value at
lower temperatures and high CO contents. A comparison between experimental
percentage Fe removed values and calculated values in shown in Table 4.11 below.
It can be seen that the percentage difference between calculated and experimental
values is high for tests 4 and 8. These two tests had very high Mn recoveries and a

very low mass split to the magnetic stream.

Table 4.11 - Comparison between experimental percentage Fe removed values and
calculated percentage Fe removed values

Reductant | Experimental Calculated %
%Fe %Fe Difference
removed removed
1 -1 -1 900 10 19.84 17.59 -11.31
2 1 -1 1100 10 18.12 21.11 16.50
3 -1 1 900 30 34.50 28.52 -17.31
4 1 1 1100 30 1.67 0.93 -44.09
5 -1.41 0 858.58 20 27.66 32.85 18.77
6 1.41 0 1141.42 20 18.03 15.82 -12.26
7 0 -1.41 1000 5.86 14.16 13.01 -8.08
8 0 1.41 1000 34.14 2.35 6.48 175.46
9 0 0 1000 20 22.98 22.71 -1.21
10 0 0 1000 20 22.43 22.71 1.24
4.4.3 Mn loss model
The model for the percentage Mn lost is as follows.
Percentage Mn lost = 8,82 - 1,09x; — 1,92x, - 2,91x,;x, + 0,45x? — 2,28x> 4.10
Where:
x1 = 129 42
100
co
x2 = Co+co2 —20 4.3
10 |
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The statistical analysis of the developed model yielded an R? = 0,910, an
adjusted R? = 0,799 and a lack of fit (Pr >F) = 0,064. Again, the adjusted R? remains

reasonably high and for this model the lack of fit is not significant.

The contour plot and response surface developed for the percentage Mn lost is shown
in Figures 4.19 and 4.20. A similar response is observed for the percentage Mn lost
as was observed for the percentage Fe removed. Both responses depict a typical
“saddle point”, however, in the case of the percentage Mn lost; the value should ideally
be as low as possible. The response surface for percentage Mn lost has a stationery
point at a temperature of 995K and a CO content of 16,1 vol%. As with the other review
metrics, a comparison between experimental percentage Mn lost and calculated
percentage Mn lost values is depicted in Table 4.12. Again, the significant difference

between calculated and experimental values from tests 4 and 8 is noted.

Table 4.12 - Comparison between experimental % Mn lost values and calculated % Mn lost

values

orae Reqg 3 De enta 3 ated %

% 0 % 0 Diftere
1 -1 -1 900 10 7.73 7.09 -8.26
2 1 -1 1100 10 9.37 10.73 14.54
3 -1 1 900 30 10.80 9.07 -15.97
4 1 1 1100 30 0.78 1.06 35.28
5 -1.41 0 858.58 20 9.67 11.26 16.51
6 1.41 0 1141.42 20 9.40 8.17 -13.12
7 0 -1.41 1000 5.86 7.56 6.98 -7.75
8 0 1.41 1000 34.14 0.59 1.54 160.75
9 0 0 1000 20 8.94 8.82 -1.30
10 0 0 1000 20 8.71 8.82 1.33
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Figure 4.19 — Contour plot for the percentage Mn lost
Figure 4.20 — Response surface for percentage Mn lost
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4.5 Optimization with desirability functions

Desirability functions are a method of simultaneously optimizing for several response
variables. This technique was popularized by Derringer & Suich, (1980). The general
approach to apply this method is to convert each response variable, yi, into a

desirability function, di, with a value between 0 and 1.
yvi ™ 0< di <1

The output of the desirability function, di, is 1 if the response variable is at its goal or
target, or O if the response is outside an acceptable region. The individual desirability
functions can be set to maximise, minimise, or achieve a specific value of the response

variable. The objective is to maximise the overall desirability, D.

1

D = (dl .dz .d3 . dm)a 411
Where:

e m — number of responses

As the overall desirability function, D, is a product of the individual desirability

functions, di, it will be O if any of the individual responses is undesirable.
Forms of desirability functions

If the aim is to maximise a response variable, the individual desirability can be
calculated with the following expression.

Oify<L
= (=L
d=1{(5) ifL<y<T 4.12

lify>T
Where:

e y—response variable

e T-Target

e L — Lower limit

e r—weight/scale of each response

In a similar manner, to minimise a response, the individual desirability can be

calculated with the following expression:
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Oify>U
_ ) (u-y\" .
d=1{(22) ifT<y<v 4.13

lify<T
Where:

e y—response variable

e T -—Target

e U — Upper limit

e r—weight/scale of response
There does exist an expression to calculate the value of d if the aim is to optimize to
a particular value of a response, however, it is not included in this work, as only the

maximise and minimise expressions are used.
4.5.1 Results and discussion

For the application of the desirability function, the responses considered, and relevant
values are listed below. The models developed in Section 4.4 were used to obtain
values for the different responses. Individual desirability’s were then calculated using

these values.

e Percentage Fe Removed — Maximise

o L=25%
o T=35%
o r=1

e Mn/Fe ratio — Maximise

o L=33
o T=338
o r=1

e Percentage Mn Lost — Minimise

o U=10%
o T=0.5%
o r=1

The analysis was then coded using R Studio to yield the following desirability plot.
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Figure 4.21 - Calculated overall desirability value for the 3 considered responses at different temperatures
and reductant ratios

From Figure 4.21, much of the area contains a desirability value of O — this indicates
that at these conditions, one or more of the responses is at an undesirable value. The
highest desirability can be found at low temperatures (850K - 900K) and at high
reductant ratios (30-35 vol% CO).

4.6 Reasons for poor observed upgrading of ore

4.6.1 SEM analysis

SEM was carried out to understand the mineralogy of the reduced and magnetically
separated samples and to gain insight on the reasons for the poor separation observed

between Fe and Mn phases.
Results and discussion

SEM EDS was used to generate elemental maps of samples to get an overview of the
distribution of the different elements within each sample stream. The results are shown
in Table 4.13 below. Elemental maps are shown rather than point analyses as the

elemental maps highlight the problem faced by the process — solid solution formation.
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Considering the non-magnetic stream for the centre point test, a large Mn rich particle
is observed (labelled A), however this particle also has considerable amounts of Fe as
evident by the relevant Fe elemental map (a point analysis on this particle indicates
that it contains +35 wt% Mn and £12 wt% Fe). This issue is observed in all SEM EDS
maps that were obtained and is the main reason behind the poor observed separation
between Mn and Fe in the magnetic separation process. An investigation was carried
out to determine whether the cause of this solid solution formation was due to
excessive reduction times, high temperatures or is simply due to the mineralogy of the

ore. Details of this investigation are given in Section 4.6.2.

76|Page

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

W YUNIBESITHI YA PRETORIA

Table 4.13 - SEM EDS maps at different temperatures and CO contents. For each stream
(magnetic and non-magnetic streams) the complete elemental map is shown, together with
the Fe and Mn elemental maps

Test Test Magnetic stream Non-Magnetic stream

Number | Conditions

1000K, 20
point vol% CO

Centre

Spectrumd 1%
Spectrurn 3

Spéctrum 2
P

¥ Spectrum4
= e

ectrim 5

G SHD]E] o o o] 5] o] i ] c-or D 2|3 o ] s [ o ] icron)

Fe Kal Fe Kal

25um

Mn Kal

25um
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Magnetic stream

Non-Magnetic stream

1141K, 20
vol% CO
o R o o B ) ) e
50pm
Fe Kal Fe Kol
Mn Kal
Mn Kal
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Test Test Magnetic stream Non-Magnetic stream
Number | Conditions
Test 7 1000K,
5,86 vol%
(6{0)
[ v O S ] |23 5 ] cron
50pm 25pm
Fe Kal Fe Kol
Mn Kal
Mn Kal
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4.6.2 Reduction progress tests

In order to confirm the reason for the presence of the solid solution phases observed
in Section 4.6.1, reduction progress tests were carried out. These tests helped
determine whether the reason for the presence of the solid solution phases can be
attributed to excessively long reaction times, high temperatures or whether it is simply
due to the mineralogy of the ore. The same sample preparation method, procedure
and apparatus used for the optimization study was also used for these tests. Details
can be found in Section 4.1.3 and 4.1.4.

The tests were carried out at a fixed CO content of the reducing gas — 30 vol%. This
was selected based on the optimized conditions found. The tests were run at different
temperatures and for different times at each temperature. Table 4.14 below
summarises the different experimental runs that were carried out. After the reduction
stage, the reduced samples were then sent for XRD analysis. If the solid solutions
phases formed during the reduction process, this would be observed as a shift in the
peaks observed on XRD results. This peak shift would indicate a change in lattice

parameters caused by the formation of solid solution phases.

Table 4.14 - List of conditions (time and temperature) considered for each test

Test Number Temperature (°C) ‘ Time (minutes)
1 . 600 | 20
2 600 40
3 600 80
4 600 160
5 700 20
6 700 40
7 700 80
8 700 160
9 800 20

10 800 40
11 800 80
12 800 160
13 900 20
14 900 40
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15 900 80

16 900 160

Results and discussion

The data obtained from XRD was plotted in Excel to be able to compare the peaks for

different tests with each other. The results of the XRD for each temperature is depicted

in the figures below.

8000 5
7000
6000

5000

Counts
w
I

4000 \ 1

3000 L % | ‘

5
2000 \‘"‘l@'-'\’fi-'..,\'.',;i U l&k » .-,,_V;H»,:_/\;;.\\A ’

1000

Position (°20)

Sl eyt

—20 min
——40 min
80 min

160 min

Figure 4.22 - XRD results of tests at 600°C. Peak identification: 1 - Calcite, 2 - Braunite

I/Braunite Il, 3 - Jacobsite, 4 - (Fe,Mn)0O, 5 - (Fe,Mn)O
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Figure 4.23 - XRD results of tests at 700°C. Peak identification: 1 - Calcite, 2 - Braunite
I/Braunite I, 3 - Jacobsite, 4 - (Fe,Mn)O, 5 - (Fe,Mn)O
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Figure 4.24 - XRD results of tests at 800°C. Peak identification: 1 - Calcite, 2 - Braunite

I/Braunite I, 3 - Jacobsite, 4 - (Fe,Mn)O, 5 - (Fe,Mn)O
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Figure 4.25 - XRD results of tests at 900°C. Peak identification: 1 - Braunite I/Braunite I, 2 -
Jacobsite, 3 - (Fe,Mn)0O, 4 - (Fe,Mn)O

XRD for tests reduced for 160 minutes
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Figure 4.26 - XRD results of tests carried out for 160 minutes. Peak identification: 1 - Calcite,
2 - Braunite I/Braunite Il, 3 - Jacobsite, 4 - (Fe,Mn)O, 5 - (Fe,Mn)O
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From the figures above, there is no evidence of any significant peak shifts. However,
when identifying the best fitting pattern to the measured diffraction pattern, 2
interesting observations were made. The first was that jacobsite (MnFe204) was found
to be a better fit to the measured peak than magnetite. Both structures are spinel’s,
however, the fact that jacobsite fits better than magnetite, indicates that there is
significant amounts of Mn in the spinel phase. The second observation was that
Feo.000Mno.9010 was found to be a better fit to the measured diffraction pattern than
pure MnO. This is also very significant as it indicates the formation of composite
monoxides which would decrease the separation efficiency between Fe and Mn. The
positions of the XRD spectra for pure MnO and pure FeO is depicted in Figure 4.26.
The position of the identified peaks relative to these theoretical peaks shows that the
solid solution phase would likely be richer in Mn than in Fe — which is what was
identified. The interesting part of these two observations is that the 2 different phases
fit better than the expected phases under all experimental conditions — i.e., at all
temperatures and for all times. This indicates that it is the mineralogy of the ore itself

that prevents the magnetic separation process from producing a suitable product.
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5 Kinetic study on reduction of manganese ore

The determination of the rate controlling mechanism and the development of a kinetic
model for the reduction of low-grade ferruginous manganese ores gives insight into
the reduction process and allows the prediction of reduction behaviours for
combinations of conditions not explicitly investigated by means of an actual

experiment.
5.1 Experimental design

5.1.1 Sample preparation

The same cylindrical briquettes used for the optimization study were used for the
kinetic study. Details on the briquetting process can be found in Section 4.1.3. An
important aspect that had to be considered when preparing samples for the kinetic
study, was that there exists relatively large amounts of carbonates and other hydrated
phases in the ore. If the briquettes were used directly in the kinetic study, the recorded
mass loss would be due to both reduction and calcination. The development of the
rate model would then not accurately depict the reduction process. In order to
circumvent this issue, the samples were calcined at 900°C for a time period of 1,5
hours in an argon atmosphere. These calcined briquettes were then used for the

kinetic study.
5.1.2 Procedure and apparatus

The calcined samples were placed in a mesh basket, separated by pieces of wire that
were fashioned into separate bases for each briquette. This was to ensure that all
surfaces of each briquette were exposed to the reducing environment. A depiction of
the thermobalance used is shown in Figure 5.1. The setup consists of a vertical tube
furnace. The sample is attached via a lever to a balance which sends a signal every 5
seconds to a data collector. A gas flow rate of 2.5 NI/min was maintained to ensure
that the supply of reactant didn’t become a rate limiting step. The resulting mass loss
vs. time curve was used for the kinetic calculations. The furnace was heated up to the

relevant temperature and the sample was then loaded into the thermobalance under
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an N2 atmosphere, where it remained for 20 minutes. This gave sufficient time for the
sample to heat up to temperature, but more importantly, it gave sufficient time to
properly centre the sample in the alumina tube such that the readings on the scale
would become stable. After the 20-minute period, the N2 gas stream was closed, and
the reducing gas mixture was introduced. The reduction was then allowed to proceed
for 3 hours.

The reduction extent was calculated from the measured mass loss by using Equation
5.1:

X = Wi~ Wi 5.1

Theoretical mass loss

Where:

e X —reduction extent
e Wi —initial mass of calcined samples
e W:— mass of the sample at a specific time

The theoretical mass loss was calculated by assuming complete reduction of all
manganese oxides to MnO and all iron oxides to Fe3Oas. The calculated mass losses
from the reduction of the different phases is shown in Table 5.1. For phases such as
Braunite | and Braunite Il, the amount of Mn203 in each of the phases was first
calculated. The reduction of this Mn203 to MnO was then used to calculate the mass
loss from these phases. The calculation yielded the result of total mass loss due to

reduction (described as the removal of all removable oxygen) as 5,76 g/100g sample.

Table 5.1 - Mass loss due to reduction for different phases

Mass loss(Q) % Mass loss
(Basis —98.81 g)

Hematite — Fe20s3 0458 | 8,05

Bixbyite — Mn203 1.25 21,97
Hausmannite — MnsOa4 0.157 2.76
Braunite | - 3(Mn,Fe)203.MnSiOs3 0.935 16,43
Braunite Il - 7(Mn,Fe)203.CaSiO3 2.89 50,79
Total 5.69 100
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Figure 5.1 - Depiction of the thermobalance setup used

5.2 CO/CO: kinetic study

The conditions used for the CO kinetic study were the same as those used for the CO
optimization study, i.e., the same central composite experimental design was
considered. The diagram depicting the central composite design is repeated below for

convenience.
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Figure 5.2 - Depiction of the experimental design for the CO/CO;, test

Table 5.2 - List of test runs for CO kinetic study

Std. order Reductant Ratio
(COICO2)

1 -1 -1 900 627 10

2 1 -1 1100 827 10

3 -1 1 900 627 30

4 1 1 1100 827 30

5 -1.41 0 858.58 586 20

6 1.41 0 1141.42 868 20

7 0 -1.41 1000 127 5.86

8 0 1.41 1000 727 34.14

9 0 0 1000 727 20

5.2.1 Results and discussion

The raw data of each test run, specified by the central composite design, is shown in

Figure 5.3. The key for Figure 5.3 is given in the format: Temp (°C), %CO in gas

stream.
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Figure 5.3 - Raw data for CO kinetic study in the form of mass loss vs time curves (Key: Temp (°C), vol% CO)

Reproducibility of experiments

The reproducibility of the kinetic experiments was tested by employing the conditions
represented by the centre point of the central composite design, i.e., a temperature of
1000 K and a CO content of 20%. Figure 5.4 indicates that there is little significant
difference between original and repeat test in terms of reduction extent.
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Figure 5.4 - Reduction extent of original and repeat tests

Effect of temperature

The effect of temperature on the reduction process was studied by considering tests
5, 6 and 9 (listed in Table 5.2). These tests were carried out at the following
temperatures: 858 K, 1141 K and 1000 K (586 °C, 868 °C and 1000 °C) respectively.
The reducing gas for each of these 3 tests was a mixture of CO and CO2 with a volume
ratio of CO/CO2 = 20/80.

The reduction extent vs. time curves are depicted in Figure 5.5. From these curves it

is evident that an increase in temperature leads to an increase in the reduction rate.
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Figure 5.5 - Reduction extent vs time for isothermal tests at different temperatures. CO
content = 20 vol% (key — Temp(°C), vol% CO)

Figure 5.5 indicates that the rate of reaction increases to a larger extent when the
temperature is increased from 586°C to 727°C than it does when the temperature is
increased from 727°C to 868°C. This indicates that the effect of temperature on the

rate of reduction decreases at higher temperatures.
Effect of CO content

The effect of CO content on the reduction process was observed by considering tests
7, 8 and 9; listed in Table 5.2. These isothermal tests were carried out at 1000K
(727°C), under different CO/CO2 volume ratios — 5,86 vol% CO, 20 vol% CO and 34,14
vol% CO.

The reduction extent vs time curves are depicted in Figure 5.6.
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Figure 5.6 - Reduction extent vs. time curve for isothermal tests at different CO contents.
Temperature = 727°C (key - Temp (°C), vol% CO)

From Figures 5.6, it is evident that as the CO content increases, the rate of reduction
also increases. The reduction also reaches completion a lot faster with a higher CO
content. This is likely due to a higher driving force for the reaction (a more negative
AG caused by a higher CO concentration) or a higher concentration gradient (dC/dx).

This data indicates that the reaction is not activation controlled.
5.2.2 Kinetic analysis

The reduction reaction can be controlled by various mechanisms, most importantly, by
chemical reaction control, diffusion control, or by nucleation and growth. For the
purposes of this analysis, it was assumed that the reaction would represent a shrinking
core model and that each individual particle could be considered a sphere, i.e., having
the same dimensions in all directions and therefore, having the same reactivity in all
directions. By making these assumptions, the following rate equations could be

considered.
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Table 5.3 - Rate equations for different rate controlling mechanisms

Rate controlling mechanism Integral form
g(X) = kt
Chemical reaction control 1-(1-X)”
Diffusion control — Jander model (1-(1-X)3)2
Nucleation and growth — Avrami model (-In(1 = X))¥/n

In order to determine which of the rate equations best fit the experimental data, 2

methods were applied:

Firstly, the rate models were linearized and plotted against time or In(t) depending on
the model. If the model fit the data, this linearization would result in a linear plot. If the
reduction was controlled by chemical reaction, a plot of [1 — (1 -X)¥¥] vs time would
result in straight lines, if the reaction was controlled by diffusion, a plot of [(1 — (1 —
X)¥3)2] vs time would be linear and if the reaction was controlled by nucleation and
growth, a plot of [In(-In(1-X))] vs In(t) would be a straight line. The plots of these
linearization’s are depicted in Figures 5.7, 5.8 and 5.9 below:

0.5
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0.3
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727 20
727 34.14

0.25
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o
S~
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>
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& 02
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Figure 5.7 - Plots of 1-(1-X)"* vs time to determine suitability of chemical reaction control
model to fit experimental data (key — Temp(°C), vol% CO)
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Figure 5.8 - Plots of (1-(1-X)¥3)2 vs time to determine the suitability of the Jander
model to fit experimental data (key — Temp(°C), vol% CO)
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—727 20
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In(-In(1-X))

2
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Figure 5.9 - Plots of In(-In(1-X)) vs In(t) to determine the suitability of the Avrami model to fit
experimental data (key - Temp(°C), vol% CO)
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From Figures 5.7, 5.8 and 5.9, it is evident that the reduction reaction is likely
controlled by nucleation and growth, as the linearisation of the Avrami model is the
only model that resulted in approximately straight lines under all conditions. In order
to confirm this, a second method was applied to fit the 3 models described above. This
second method involved a minimization of the Sum Squared Error (SSE) using Excel.
The data used to fit the models is from the centre point of the central composite design
— 727°C and 20 vol% CO.

The plots of the experimental data vs time and calculated data vs time are depicted

below:
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. ——Actual data
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0.4
0.3
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Reduction extent
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Figure 5.10 - Best fit of the 3 models considered compared with actual data

From Figure 5.10, it is evident that the reaction is likely best modelled by the Avrami
model. The Jander model predicts a very rapid initial reaction rate, where it
overestimates the experimental data. This is then followed by a rapid decline in the
reaction rate, and a slight underestimation of the experimental data. Both, the chemical
reaction control model and the Avrami model, follow a similar trend — both models
underestimate experimental data initially and then overestimate the experimental data.
The Avrami model estimations are, however, a more accurate depiction of the

experimental data. A plot of the percent error (Figure 5.11) and a plot of the
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experimental data vs calculated data (Figure 5.12) for each of the 3 models was also
made to depict these trends.
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Figure 5.11 — Percent error vs time for the 3 evaluated models (Error = Calculated value - Experimental
value) at the centre point of the central composite design (727°C, 20 vol% CO)
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Figure 5.12 - Experimental value vs Calculated value at the centre point of the central
composite design (727°C, 20 vol% CO)
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From the 2 model fitting methods described above, the best fit for the experimental
data was the Avrami model (it should be noted that the selection of the Avrami model
Is based solely on the model fitting methods described, and may not be the actual
reaction mechanism), which is used to describe a nucleation and growth rate limited
process. The Avrami model, also known as the Kolmogorov-Johnson-Mehl-Avrami
(JMAK) model describes chemical reactions in terms of 3 processes that occur
simultaneously. Firstly, the nucleation of solid domains, also known as “islands”,
followed by the growth of existing islands and finally, coalescence, which occurs when
expanding islands merge. One of the assumptions made in this model is that these
islands can nucleate anywhere within the sample (homogenous nucleation). Once an
island has nucleated, it grows at a constant velocity in all directions. This velocity
remains constant as long as the temperature remains constant. When two
neighbouring islands meet and impinge on each other, growth stops at the points of
contact, but continues elsewhere (Jun et al., 2005). In terms of the system being
investigated, the “solid domains” could be MnO nucleating from manganese oxides or

Fes304 nucleating from Fe20s.

The next step was to determine the variables associated with the Avrami model, which
is depicted below:

[—In (1 = X)) = kgypt 5.2

app

Where:

e X — Reduction extent
e Kkapp — apparent rate constant
e t—time
The apparent rate constant, kapp, takes into consideration the effects of the partial

pressures of the reducing gas mixture, according to the following equation:

P
kapp = k[pglo —( CKOZ)m] 5.3

Where:

e Kk — effective rate constant
e Pco— CO patrtial pressure
e Pco2- COg2 partial pressure

97| Page

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

e m —reaction order
e K — equilibrium constant

It can be assumed that the value of K (equilibrium constant) for this reduction process
will be sufficiently large to result in the contribution of the (P‘%)m term being negligible

(for example, the K value for hematite reduction with CO at 1000 K is 42604 J/mol and
the K value for the reduction of bixbyite with CO at 1000 K is 3,90 x 108 J/mol). This

then simplifies the expression for kapp to the following:
kapp = k(0co) 5.4

The calculation for the partial pressures of CO and CO: is carried out with the following

equation:
P=PX 5.5
Where:

e P — partial pressure of either CO or CO2

e Pt —total pressure. In this case the Pt is taken to be 0,86 atm, which is the
atmospheric pressure in Pretoria, South Africa.

e X —volume fraction of either CO or COz2

In order to determine the value of “n” in the Avrami equation, the plots of [In(-In(1
— X)] vs In(t) at different temperatures were used. These plots are shown in Figure

5.13. The slope of these plots represents the value of the exponent, n.
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Figure 5.13 - Linearisation plots of Avrami model at different temperatures (constant Pco).
Slope used for determination of "n" (key — Temp(°C), vol% CO)

The slopes were from line the of best fit depicted on Figure 5.13.

Table 5.4 - Values of the slope (n) at different temperatures

Temperature (K) Slope
859 (586°C) 1,103
1000 (727°C) 1,189
1141 (868°C) 1,194

Average 1,163

The value of the exponent “n” is therefore equal to 1,163. This is an indication of one-

dimensional nucleation according to the Avrami model.

The next term that was calculated was the exponent “m”. In order to determine the
value of this, a plot of In(kapp,co) vs In(Pco) was made. The value of In(kapp,co) was
determined from the y-intercept of the linearised plots of the Avrami model at different
concentrations of CO (constant temperature). This plot is depicted in Figure 5.9 but is
repeated in Figure 5.14 with the addition of the best fit lines.
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Figure 5.14 - Linearisation plots of Avrami model at different CO contents (constant
temperature). Y-int used for determination of "m" (key — Temp(°C), vol% CO)

The values of In(kapp,coy) and those of Pco used for the determination of the exponent

“m” are summarised in Table 5.5 below:

Table 5.5 - Values of Pco and In(Kapp,co)

Vol% CO Pco ‘ In(Kapp.co)
5,86 - 005 | -6,24
20 0,172 5,16
34,14 0,294 -4,08

*kapp,CO in mint

The values of In(Pco) and In(kapp,co), were then plotted. The results are depicted in
Figure 5.15.
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Figure 5.15 - Plot of In(pco) Vs In(Kapp,co) for the determination of the exponent "m"

The slope of the line of best fit of the plot of In(Pco) vs. In(kapp,co) represents the value
of the exponent m. From Figure 5.15, this value is taken as 1,1591.

Placing the values of the two exponent terms into the Avrami equations yields the

following result:
[—In (1 — X)]V/1103 = kPt 5.6

This leaves the determination of k, the effective rate constant. The value of k follows
an Arrhenius relationship according to the following equation:

_Ea

k = kyerT 57
Where:

e Ko — pre-exponential constant (atm~*min-?)
e Ea— Activation energy (J/mol)

e R — Gas constant (J/mol.K)

e T — Temperature (K)

In order to determine the value of ko and Ea, Excel's Solver function was used to
minimise the Sum Squared Error (SSE) of the fit between the calculated and
experimental data. This led to the determination of the 3 different values for k, at
different temperatures. A plot of In(k) vs 1000/T was then made to determine the

values of ko and Ea, shown in Figure 5.16.
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Table 5.6 - calculated values of the effective rate constant at different temperatures

859 0.012049
1000 0.047849
1141 0.102449
-1.8
-2.3 ®
-2.8
— ..'-'
E -3.3
33 y = -6.8835x + 3.7881
R?=0.998
4.3 -
-4.8
0.8 0.9 1 1.1 1.2 1.3
1000/T (K2)

Figure 5.16 - Plot of In(k) vs 1000/T to determine the values of ko and Ea

The value of Ea can be determined from the slope of Figure 5.16, and a value of
57229,4 J/mol is obtained for the activation energy. The value of ko is obtained from
the y-intercept. The calculated value of ko is 44,172 atm-tmin.

Based on the above kinetic analysis, the overall rate equation for the CO reduction

process is as follows:
[—In (1 —X)]V/™ = kPPt 5.8

With:

—-E

k= kpeRr 5.7
Where:
o ko—44,172 atmmin?
e Ea—-57229,4 J/mol

e n-1,163
e m-1,1591

And the units for t and pco are minutes and atm, respectively.
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5.2.3 Evaluation of model

The figures below compare the actual data and calculated data, considering the points
of the central composite design that were not used to fit the model or determine the
rate equation. These points are points 1-4 from Table 5,2.

1.2

0.8

0.6
——Actual

0.4 ——Calculated

Reduction Extent

0.2

0 50 100 150 200
Time (min)

Figure 5.17 - Comparison between actual and calculated data for CO reduction at 827°C
(1100 K) and 10 vol% CO
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0.8

0.6
— Actual

0.4 ——Calculated

Redcution Extent

0.2

0 50 100 150 200
Time (min)

Figure 5.18 - Comparison between actual and calculated data for CO reduction at 827°C
(1100 K) and 30 vol% CO
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Figure 5.19 - Comparison between actual and calculated data for CO reduction at 627°C
(900 K) and 10 vol% CO
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Figure 5.20 - Comparison between actual and calculated data for CO reduction at 627°C
(900 K) and 30 vol% CO

From the figures above it can be seen that at higher temperatures, the calculated data
show good agreement with the actual data. However, at low temperatures, there exists
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a discrepancy between the two respective sets of data for each set of conditions. The
initial underestimation by the model is likely due to the Avrami equation itself - data
that is input into this equation is evaluated in a logarithmic form. This causes the initial

values to be weighted less.

As observed in Figure 5.20, the actual reduction extent at 900K seems to be reaching
a peak at about 0,6. An explanation for this can be found in Figure 4.21 — in the
reduction progress tests. In this figure, it depicts that braunite | and braunite II, which
make up large parts of the ore, do not reduce well under these low temperatures. This
is likely the cause of the reduction extent peaking at such low values for the lower
temperatures and the cause of the calculated reduction extent overestimating actual

data under these conditions.

5.3 H2/H20 kinetic study

In efforts to align this work with current environmentally friendly trends, hydrogen was
also considered as a reductant. A kinetic evaluation, similar to that carried out with CO
as reductant, was done for hydrogen reduction. The conditions considered
(temperature and reductant ratio) were the same used for the CO kinetic study — this
allowed for a direct comparison in reduction kinetics between the two different
reductants.

Central composite design using Hz as reductant

The temperatures and H2/H20 ratios used for the hydrogen reduction tests were
obtained from the respective Mn and Fe Chaudron diagrams. For illustrative purposes,
the Chaudron diagram with the central composite experimental design is shown in
Figure 5.21.
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Fe Chaudrondiagram
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Figure 5.21 - Iron Chaudron diagram, for H; reduction, depicting the central composite
experimental design

The factorial design is a 22 design — similar to the CO study. There are therefore,
again, 4 factorial points, 4 star/axial points (2k) and nc centre points. The 2 factors are
temperature and Hz/H20 ratio, each with a higher and a lower level (+1, -1). The
relationship between the coded variables (xi1, x2) and the natural variables

(Temperature and H2/H20) ratio are as follows:

Temp—1000

x; (Temperature) = o0 5.9
Hjp
H Hz 5
1, () = B0 — 5.10
H,0 10

The relationships described above can be used to formulate the different levels for
each natural variable. These levels are depicted in Table 5.7.
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Table 5.7 - Values of natural variables for different levels of coded variables for H, reduction
tests

Parameter Higher Lower Central Higher Lower

level (+1) | Level (-1) | point axial point | axial point

(+1.414) (-1.414)
Temperature(K) | X1 | 1100K 900K 1000K | 1141.4K 858.6K
H2/H20 ratio X2 | 30% 10% 20% 34.14% 5.86%

The complete experimental design for the H2/H20 test is depicted in Figure 5.22.

A
(1000 K, 34.14%)
9
(900K, 30%) .~ .. (1100 K, 30%)
— e el .
a2 : :
N 1 1
o~ 9 !
X v "
+ o AN
Q ¢ e .
< | (859K, 20%) ] (1000 K, 20%) L (1141 K, 20%)
\(\l \‘i\ ,E”
T , .
(00K, 10%) . .- (1100 K, 10%)
@
(1000 K, 5.86%)

\ 4

Temperature (K)

Figure 5.22 - Depiction of the experimental design for the H./H,O test (including values of
the natural variables)
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The experimental runs are shown in Table 5.8 below.

Table 5.8 - Central composite design for Hx/H-O tests

Std. order Reductant
(H2/H20)

1 -1 -1 900 10
2 1 -1 1100 10
3 -1 1 900 30
4 1 1 1100 30
5| -1.41421 O| 858.58 20
6| 1.414214 0| 1141.42 20
7 0| -1.41421 1000 5.86
8 0] 1.414214 1000 34.14
9 0 0 1000 20
10 0 0 1000 20

Experimental setup

The same procedure and experimental setup that was used for the CO kinetic study
was used for the Hz kinetic study. The only change that was made to the setup was
that a bubbler was added to introduce H20 into the gas stream. The carrier gas used
was N2. In order to achieve the desired H2/H20 ratios, the bubbler was run at a
constant temperature and with a constant N2 carrier gas flow (1,5 NI/min) and the gas
flow of H2 was varied using a mass flow controller. In order to prevent condensation
of water vapour at the gas inlet in the furnace, a copper coil was installed from the

furnace gas inlet to an area closer to the hot zone of the furnace.
5.3.1 Results and discussion

The raw data of each test run, specified by the central composite design, is shown in
Figure 5.23.
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Figure 5.23 - Raw data for H- kinetic study in the form of mass loss vs time curves. (Key: Temp
(°C), vol% Hy)

Reproducibility of experiments

The reproducibility of the kinetic experiments was tested by employing the conditions
represented by the centre point of the central composite design, i.e., a temperature of
1000 K and a H2z content of 20%. Figure 5.24 indicates that there is little significant

difference between original and repeat test in terms of reduction extent.
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Figure 5.24 - Reduction extent of original and repeat results for H> reduction

Effect of temperature

The effect of temperature on the reduction process was studied by considering tests
5, 6 and 9 (listed in Table 5.8). These tests were carried out at the following
temperatures: 858K, 1141K and 1000K (586°C, 868°C and 1000°C) respectively. The
reducing gas for each of these 3 tests was a mixture of Hz2 and H20 with a volume ratio
of H2/H20 = 20/80.

The reduction extent vs. time curves are depicted in Figure 5.25. From these curves it

is evident that an increase in temperature leads to an increase in the reduction rate.
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Figure 5.25 - Reduction extent vs time curves for tests at different temperatures. H, = 20
vol%. (Key - Temp(°C), vol% H2)

From Figure 5.25, it can be determined that temperature does have a significant effect
on reaction rate. It can be seen that the reaction reaches completion in 40 minutes
at 868°C, while it takes £140 minutes to reach completion at 727°C and at 586°C, the

reaction is not completed within the 3-hour experimental time.
Effect of Hz2 content

The effect of H2 content on the reduction process was observed by considering tests
7, 8 and 9; listed in Table 5.8. These isothermal tests were carried out at 1000K
(727°C), under different H2/H20 volume ratios — 5,86 vol% Hz, 20 vol% Hz and 34,14

vol% Hoa.

The reduction extent vs time curves are depicted in Figure 5.26.
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Figure 5.26 - Reduction extent vs time for isothermal tests at different H. contents.
Temperature = 727°C. (Key - Temp(°C), vol% H)

Figure 5.26 gives the first indication that the Pn2 may not have a significant effect on
the overall reduction extent — particularly when compared to the large dependence of
Pco for CO reduction. While it is observed that as the concentration of Hz increases,
the reduction extent also increases, at higher concentrations of Hz, this increase
becomes small. At lower concentrations of Hz, the supply of reactant is likely rate
controlling, resulting in the significantly slower reduction extent, however as the
concentration of Hz increases, the supply of reactant no longer significantly affects the
initial reduction extent. Figure 5.26 indicates that at 34,14 vol% Hz, the initial reaction
rate is higher than at 20 vol% Hz, however above a reduction extent of about 0,85, the

rates become similar up to reaction completion.
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5.3.2 Kinetic analysis

The kinetic analysis carried out for Hz reduction is identical to the analysis carried out
for CO reduction, described in Section 5.2.2. For convenience, the rate controlling
mechanisms and the integral form of their equations are repeated in Table 5.9.

Table 5.9 - Rate equations for different rate controlling mechanisms

Rate controlling mechanism Integral form
g(X) = kt
Chemical reaction control 1-(1-X)”
Diffusion control — Jander model (1-(1-=X)13)2
Nucleation and growth — Avrami (-In(1 = X))¥/n
model

In order to determine which of the rate equations best fit the experimental data, 2

methods were applied:

Firstly, the rate models were linearized and plotted against time or In(t) depending on
the model. If the model fit the data, this linearization would result in a linear plot. If the
reduction was controlled by chemical reaction, a plot of [1 — (1 -X)¥?¥] vs time would
result in straight lines, if the reaction was controlled by diffusion, a plot of [(1 — (1 —
X)¥3)2] vs time would be linear and if the reaction was controlled by nucleation and
growth, a plot of [In(-In(1-X))] vs In(t) would be a straight line. The plots of these
linearisation’s are depicted in Figures 5.27, 5.28 and 5.29. For Hz reduction, most of
the experimental runs reached a reduction extent of 100%. Due to uncertainties in the
terminative part of the reduction reaction, the linearization plots were only plotted up

until a reduction extent of 0,95.
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Figure 5.27 - Plots of 1-(1-X)1/3 vs time to determine suitability of chemical reaction control
model to fit experimental data (key — Temp(°C), vol% H>)
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Figure 5.28 - Plots of (1-(1-X)1/3)2 vs time to determine the suitability of the Jander model to
fit experimental data (key — Temp(°C), vol% H>)
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Figure 5.29 - Plots of In(-In(1-X)) vs In(t) to determine the suitability of the Avrami model to fit
experimental data (key - Temp(°C), vol% Hy)

From Figures 5.27, 5.28 and 5.29, it is evident that the reduction reaction with Hz is
likely controlled by chemical reaction control, as the linearization of this model is the
only one that resulted in a straight line. In order to confirm this, a second method was
applied to fit the 3 models described above. This second method involved a
minimization of the Sum Squared Error (SSE) using Excel. The data used to fit the
models is from the centre point of the central composite design — 727°C and 20 vol%
Ha.

The plots of the experimental data vs time and calculated data vs time are depicted

below:
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Figure 5.30 - Best fit of the 3 models considered compared with actual data

From Figure 5.32, it is likely that the Hz reduction is chemical reaction controlled. This
is backed up by the plots depicting the effect of temperature and the effects of Pn2
which indicated that the P2 did not have a very significant effect on the reaction rate
at higher Pr2’s, but that temperature did have a significant effect. The chemical
reaction rate controlling mechanism for Hz also makes sense due to the small size of
the H2 molecule allowing for very rapid diffusion to occur, either through the pores of
the briquettes or through any formed product layers. If the mass transfer rate is
controlled by the diffusion of product species away from the reaction site, then it can

be concluded that the diffusion rate of H20 is faster than that of CO-.

To further confirm these observed trends, plots of “Percent error vs time” (Figure 5.31)

and “Experimental values vs Calculated values” (Figure 5.32) were also plotted.
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Figure 5.31 — Percent error vs time for the 3 evaluated models (Error = Calculated value -
Experimental value) at the centre point of the central composite design (727°C, 20 vol% H.)
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Figure 5.32 - Experimental value vs Calculated value at the centre point of the central
composite design (727°C, 20 vol% H)
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From the 2 model fitting methods described, the best fit for the experimental data was
the chemical reaction control model. The next step was to determine the variables

associated with this model, which is depicted below:
1
1-(1—-X)3 = kgppt 5.11
Where:

¢ X — Reduction extent
e kapp — apparent rate constant
o t—time
The apparent rate constant, kapp, takes into consideration the effects of the partial

pressures of the reducing gas mixture, according to the following equation:

Kapp = k[P, — (C222)m] 5.12

K

Where:

e k — effective rate constant
e Pu2 — Hz partial pressure

e Pr2o— H20 partial pressure
e m — reaction order

e K — equilibrium constant

It can be assumed that the value of K (equilibrium constant) for this reduction process
will be sufficiently large to result in the contribution of the (PC%)"‘ term being negligible.

This then simplifies the expression for Kapp to the following:
kapp = k(Di2) 5.13

The calculation for the partial pressures of H2 and H20 is carried out with the following

equation:
P=PrX 5.5
Where:

e P — partial pressure of either H2 or H20

e Pt —total pressure. In this case the Pt is taken to be 0,86 atm, which is the
atmospheric pressure in Pretoria, South Africa.

e X —volume fraction of either Hz or H20
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The first term that was calculated was the exponent “m”. In order to determine the
value of this, a plot of In(Kapp,H2) vs In(PH2) was made. The value of In(Kapp,H2) was
determined from the y-intercept of the linearised plots of the chemical reaction model
at different concentrations of Hz (constant temperature). This plot is depicted in

Figure 5.27 but is repeated in Figure 5.33 with the addition of the best fit lines.

0.7 y =0.0361x - 0.0361

R%=0.9892

0.6
y =0.0169x - 0.0408

R?=0.9944 y =0.0048x - 0.0478
0.5 R*=0.9904

0.4
—727 34.14
727 20
0.2 727 5.86

0.3

1-(1-X)A1/3

0.1

0 30 60 90 120 150 180
-0.1 _ .
Time (min)

Figure 5.33 - Linearisation plots of chemical reaction control model at different H» contents
(constant temperature). Y-int used for determination of "m" (key — Temp(°C), vol% H-)

The values of In(kapp,H2) and those of Pr2 used for the determination of the exponent

“m” are summarised in Table 5.10 below:

Table 5.10 - Values of Pnz and In(Kapp,+2)

\Vol% Ha Ph2 ‘ In (Kapp,H2)
5,86 - 005 | -0,0478
20 0,172 -0,0408
34,14 0,294 -0,0361

*Kapp,H2 N mint

The values of In(Pn2) and In(kapp,H2), were then plotted. The results are depicted in
Figure 5.34.
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Figure 5.34 - Plot of In(Pw2) vs In(Kapp,H2) for the determination of the exponent "m"

The slope of the line of best fit of the plot of In(PHz2) vs. In(Kapp,H2) represents the value

of the exponent m. From Figure 5.34, this value is taken as 0,0046.

Placing the value of this exponential term into the chemical reaction control equation

yields the following result:
1
1-(1—-X): = kPg’%t 5.14

This leaves the determination of k, the effective rate constant. The value of k follows

an Arrhenius relationship according to the following equation:

_Ea

k = koeRrr 57
Where:

e Ko — pre-exponential constant (atm-*min-1)
e Ea— Activation energy (J/mol)

e R — Gas constant (J/mol.K)

e T - Temperature (K)

In order to determine the value of ko and Ea, Excel's Solver function was used to
minimise the Sum Squared Error (SSE) of the fit between the calculated and

experimental data. This led to the determination of the 3 different values for k, at
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different temperatures. A plot of In(k) vs 1000/T was then made to determine the
values of ko and Ea.

Table 5.11 - calculated values of the effective rate constant at different temperatures

859 0.00265
1000 0.0132
1141 0.0163
-3
3.5
-4 . ...........
............ °
2—4.5 ..........
=S
5.5 y=-64981x+17928 e
R2=0.8918 e
_6 ¢
6.5
08 08 09 095 1 1.05 1.1 115 1.2
1000/T

Figure 5.35 - Plot of In(k) vs 1000/T to determine the values of ko and Ea

The value of Ea can be determined from the slope of Figure 5.35, and a value of
54025,2 J/mol is obtained for the activation energy. The value of ko is obtained from

the y-intercept. The calculated value of ko is 6,01 atm~min-t.

Based on the above kinetic analysis, the overall rate equation for the Hz reduction

process is as follows:
1
1-(1—-X)3s= kPt 5.15

With:

—-E

k= koeR 5.7
Where:

e ko-—6,01 atmmin?t
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e Ea-54025,2 J/mol
e m-0,0046

And the units for t and P12 are minutes and atm, respectively.
5.3.3 Evaluation of model

The figures below compare the actual data and calculated data, considering the points
of the central composite design that were not used to fit the model or determine the

rate equation. These points are points 1-4 from Table 5.8.

1.2

0.8

0.6
——Actual

0.4 ——Calculated

Reduction Extent

0.2

0 50 100 150 200
Time (min)

Figure 5.36 - Comparison between actual and calculated data for H reduction at 827°C
(1100 K) and 30 vol% H.
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Figure 5.37 - Comparison between actual and calculated data for H2 reduction at 827°C
(1100 K) and 10 vol% H-

1.2

0.8

0.6
——Actual

0.4 ——Calculated

Reduction extent

0.2

0 50 100 150 200
Time(min)

Figure 5.38 - Comparison between actual and calculated data for H2 reduction at 627°C
(900 K) and 30 vol% H;
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Figure 5.39 - Comparison between actual and calculated data for H2 reduction at 627°C
(900 K) and 10 vol% H;

From the Figures above it can be seen that the model seems to show good agreement
with experimental data at the different sets of conditions, with a better fit at higher

temperatures.
5.4 Comparison between CO and Hz reduction kinetics

As interest grows in the use of green, environmentally friendly reductants, comparing
key aspects such as reduction kinetics between these new green reductants and
currently used reductants, such as CO is of vital importance. As industry begins to
make the switch to alternate reductants, it is vital that the efficiencies of various

processes are not affected negatively.

From the plots comparing CO and H: reduction below (Figures 5.44 — 5.48), it can be
seen that for H2 reduction, the reduction kinetics are significantly faster. It can also be
seen that the reduction reaction reached completion more often with Hz than with CO.
This indicates that the use of Hz is not only environmentally advantageous (depending
on the production method of H2) but is also advantageous in terms of throughput
(faster kinetics) and energy requirements for the process (the reduction reached

completion at lower temperature with Hz than with CO within the experimental time).
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Figure 5.40 - Comparison of H, and CO reduction at 727°C (1000 K) and 5,86 vol%
reductant
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Figure 5.41 - Comparison of H2 and CO reduction at 727°C (1000K) and 20 vol% reductant
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Figure 5.42 - Comparison of H2 and CO reduction at 727°C (1000 K) and 34,14 vol%
reductant
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Figure 5.43 - Comparison of H2 and CO reduction at 586°C (859 K) and 20 vol% reductant
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Figure 5.44 - Comparison of H2 and CO reduction at 868°C (1141 K) and 20 vol% reductant
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6 Conclusion and further work

The reduction roast — magnetic separation process was investigated for its suitability
to upgrade low grade ferruginous manganese ore fines obtained from the Nchwaning
mine slimes dam. The process was subject to an optimization study, in which the main
variables investigated were temperature and reductant ratio. A kinetic study on the
reduction step was also carried out using CO and reductant as well as a separate

study using Hz as reductant.

Nchwaning ore fines were found to have a manganese grade of 44 wt%, which
constitutes a high-grade ore, and a Mn/Fe ratio of 3 which is too low for
ferromanganese production. The main manganese phases were found to be braunite |
and braunite I, with some bixbyite and hausmannite. The main iron phase was

hematite and a large amount of calcite was also found.

The main aim of this work was to upgrade the fines to a grade suitable for
ferromanganese production, i.e., a manganese content greater than 40 wt% and a
Mn/Fe ratio greater than 7,5. The results of the optimization study indicate that this
level of upgradation was not possible, with optimum conditions yielding a grade of
47 wt% Mn and a Mn/Fe ratio of 3,7. While the upgrading was not as good as
expected, the review metrics; namely Mn/Fe ratio, percentage Fe removed and
percentage Mn lost, were still modelled. These models were found to be largely
statistically significant. Use of desirability functions also allowed the optimum
conditions to be determined. These conditions are temperatures between 850K —

900K and a CO content of the reducing gas between 30 — 35 vol%.

To determine the reasons behind this poor separation between Mn and Fe, SEM
imaging was carried out as well as reduction progress tests. SEM EDS elemental
maps indicated the presence of solid solution phases. In order to determine the cause
of the solid solution phase formation, reduction progress tests were carried out, in
which reduction temperature and time were investigated. It was found that temperature
and time did not have an effect on the formation of the solid solution phases and their

formation is likely due to the mineralogy of the ore itself.

The kinetics of the reduction process was investigated, both with a CO-CO:2 gas

mixture and with a H2-H20 gas mixture. In the case of CO reduction, it was found that
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the Avrami model, which describes nucleation and growth rate limiting reaction, was
the best fit to experimental data. For the Hz reduction is was found that the rate limiting
step was activation control. When comparing H2 and CO reduction, it was found that

the reduction rate and extent of reduction reached higher levels with Ho.
Further work

It is believed that the work presented in this study conclusively indicates the lack of
suitability of the reduction roast-magnetic separation process to upgrade the specific
ore used in this study. It is recommended that an alternative process be investigated.
One process that does show some potential is a modified ITmk3 type process. The
ITmk3 process is used for the production of iron nuggets. It is believed that a slight

modification of this process would yield the iron nuggets and a Mn rich “slag” phase.
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