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Abstract

During industrial production of manganese ferroalloys, the manganese raw
materials are prereduced in the low temperature zone of the submerged arc
furnace (SAF). The endothermic Boudouard reaction (CO, + C = 2CO) consumes
most of the CO,; produced above 800 °C and will consume CO, from the
prereduction reactions occurring above this temperature, resulting in excess
consumption of energy and carbon. The energy and carbon consumption are
affected by additional factors such as ore quality, flux addition and operational
conditions, however calculations and industrial measurements indicate that
reduction in the range of 300 kWh and 70 kg C per ton alloy produced is
theoretically possible by improved prereduction. Pretreatment of the ore may thus
be used to reduce this excess carbon and energy consumption.

In this work, the prereduction behavior of two commercial manganese
ores is investigated in conditions simulating a pretreatment unit. In the
pretreatment unit, moisture and bound water is evaporated and the raw materials
are prereduced prior to their addition to the furnace. This will improve the overall
prereduction thus reducing the excess carbon and energy consumption. To avoid
the Boudouard reaction in the pretreatment unit, prereduction was investigated at
temperatures below 800 °C. Prereduction in different CO/CO, mixtures were
studied to simulate the use of furnace off-gas. In addition, reduction in CO/CO,/H,
gas mixtures, with similar pO, to the utilized CO/CO, mixtures, was studied was
studied to evaluate the effect of H,.

The investigated ores represent different types of raw materials.
Nchwaning ore is a dense ore, mainly consisting of Mn,0s type oxides in addition
to a small amount of carbonates, while Comilog ore is a porous ore that consist of
MnO; type oxides and has a significant content of bound water. During reduction
of Nchwaning ore, the Mn;03 oxides were reduced to MnO without formation of
Mns0as. Iron oxides were reduced to FeO which was stabilized in solid solution with
MnO. Carbonates other than calcite decomposed. The reduction of Comilog ore is
characterized by a rapid initial decomposition of bound H,O in parallel with MnO,
reduction. MnO; is reduced directly to MnO above 370 °C, while some
accumulation of Mn304 occurs below this temperature due to the relatively slower
reduction of Mns0; to MnO compared to MnO; to Mn304. Both the different
porosities and mineral composition of the ores cause differences in their reactivity.
The reduction of Comilog ore is initiated and completed at lower temperatures
compared to Nchwaning ore, hence, most of the experiments on Comilog ore were
conducted in the temperature range 365-455 °C, whereas the less reactive
Nchwaning ore was reduced between 605-790 °C.



The reduction rate increased with increasing temperature and decreasing
p0,, as expected. In hydrogen containing gas mixtures, the reduction rate was
higher compared to CO/CO, gas mixtures at constant pO,, and it is suggested that
this is caused by the improved diffusion properties of hydrogen. Modeling revealed
an increased reduction rate by a factor 1.8-3.4 for Nchwaning and 1.7-1.9 for
Comilog ore by using a hydrogen containing gas mixture at constant partial
pressure. The dependency on reducing gas content was higher for CO/CO, gas
mixtures compared to hydrogen containing gas mixture i.e., the reduction rate is
more severely retarded by depletion of reducing gas when hydrogen is not
present.

The improved reduction rate using hydrogen in the gas mixture makes it
possible to pretreat the ores at lower temperatures when hydrogen is utilized, or
to achieve a higher degree of prereduction at the same temperature compared to
the use of CO/CO; gas mixtures alone.

With the addition of H, to the gas mixture, the water gas shift reaction (CO
+H,0 = CO; + H,) is expected. From the off-gas at the end of the experiments, it
was seen that the reaction occurred above 410 °C, and approached equilibrium
with increasing temperature towards 790 °C. The addition of H, was also seen to
facilitate carbon deposition between 455-605 °C.

It was found that the Comilog ore samples reduced at 455 °C and below,
oxidized upon exposure to air at room temperature, which was caused by
oxidation of MnO to Mn30,4. The degree of reoxidation at constant temperature
was lower in the samples reduced with hydrogen in the gas mixture, which may be
due to that the formed MnO is more evenly distributed throughout the particles
and thus less accessible to oxygen compared to the samples reduced in CO/CO, gas
mixtures. Reoxidation of Nchwaning ore was not observed. Nchwaning ore was
reduced at higher temperatures compared to Comilog ore, and the monoxide
(MnO) -phase has a higher content of FeO. Both factors are known to stabilize
MnO against reoxidation.

After each experiment, the ore was sieved and the ore on each sieve was
weighed to determine the decrepitation of the ores. The decrepitation of
Nchwaning ore was found to be a function of degree of reduction while the
decrepitation of Comilog ore was also dependent on reduction temperature.
Comilog ore reduced at low temperatures decrepitated more compared to when
higher temperatures were used despite a higher degree of reduction for the latter
case.

Prereducing manganese ores to MnO-FeO is feasible at low temperatures
(515-790 °C). The remaining contribution to the excess carbon and energy
consumption industrially is the reduction of FeO to metallic iron and
decomposition of calcite. It was seen that improving the prereduction has a



significant impact on the composition and amount of off-gas from the furnace. i.e.,
reducing carbon and energy consumption simultaneously reduces the reducing gas
content and the amount of off-gas from the SAF.
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1 Introduction and background

1.1 Introduction

The roadmap for the Norwegian process industries presents the vision of
“Combining growth and zero emissions by 2050”!. To approach the vision,
development of technologies that have a potential of reducing the carbon
footprint from the process industry is needed.

Initiatives in the ferroalloy industry are already underway on topics such as;
replacing fossil carbon inputs with renewable carbon sources??, changing
operational parameters to reduce specific carbon emissions®, agglomeration
techniques to recycle waste streams>”’ and carbon capture for utilization or
storage(CCU/CCS)®. Most of the cost of CCU/CCS lies in the CO, capture and
separation step®, hence the off-gas from the manganese ferroalloy furnaces, with
its high CO content, is ideally suited for relatively low cost carbon capture®. An
additional technological improvement for the manganese ferroalloy industry is the
pretreatment and prereduction of manganese ores prior to its addition to the
furnace. The main sources of fossil carbon emissions in the furnace originate from
the added carbon materials and the electrical power consumption, the latter being
dependent on the local electricity greenhouse gas emission factor’®. Sufficient
pretreatment will reduce excess carbon and excess energy consumption during
smelting, thus reducing consumption of fossil carbon in the process'*2,

INDUSTRY, INNOVATION Y o ) ] )
IS 9.4: “..retrofit industries to make them sustainable, with

increased resource efficiency and greater adoption of clean
and environmentally sound technologies and industrial
processes...”

‘I RESPONSIBLE
CONSUMPTION

WAL 10 10 “ . achieve the sustainable management and efficient use

( x ) of natural resources.”

‘l CLIMATE
ACTION

Goal 13: “Take urgent action to combat climate change and
its impact.”

Figure 1-1: UN’s sustainable development goals'3 with high relevance for the implementation of a
pretreatment unit in manganese ferroalloy production.



The implementation of a pretreatment unit in manganese ferroalloy
production is in alignment with the UN sustainable development goals'®. By
retrofitting submerged arc furnaces with pretreatment units, there is a potential to
increase the resource efficiency and reduce the added resources such as electric
energy and carbon materials. The maturity of the technology itself makes swift
implementation possible. Development goals and selected quotes with high
relevance for the pretreatment of manganese ores is shown in Figure 1-1.

In the context of a pretreatment unit, there is a need to improve the
fundamental understanding of the pretreatment process and its implications on
the energy consumption and emissions from the metal production process. The off
gas from the submerged arc furnace (SAF) constitutes an excellent energy source
for a pre-treatment unit due to its high energy content and its availability at the
plant. Pretreatment and prereduction of ores may also be relevant for preparing
raw materials for processes such as electrolysis or metallothermic reduction!***,
thus the acquired knowledge may also have applications also outside the scope of
improving the SAF process.

1.2 Background

In this section, a general description of manganese ferroalloy production is given
and the main features effecting the carbon and energy consumption is elaborated
upon. Relevant industrial figures and experiences regarding energy consumption,
carbon consumption and pretreatment is included, and common raw materials
presented.

1.2.1 Overview of ferroalloy production

Manganese ferroalloys are mostly produced in submerged arc furnaces (SAF)
where ore, coke and fluxes are added together with electric energy to produce
alloy, slag and off gases. The raw materials added to the top of the furnace are
descending towards the lower parts where they are consumed. Electric energy is
supplied by three electrodes. The area below and around the electrode tips is
known as the coke bed zone, where the oxidic raw materials are molten and the
final reduction to metal takes place according to reaction (8).

The CO-gas from the coke-bed zone ascends through the pre-reduction
zone (see Figure 1-2) and may pre-reduce the higher manganese- and iron oxides
according to reactions (1) - (6). These reactions are mostly exothermic and will
contribute to pre-heating the charge materials thus lowering the electric energy
consumption. Carbonates in the ore and fluxes decompose endothermically as
exemplified in reaction (7). Production of ferromanganese of 78% Mn requires
typically a 7,5 Mn/Fe weight ratio'® which may be achieved by mixing raw
materials with different iron content.



Prereduction
zone

Figure 1-2: Sketch of a submerged arc furnace (SAF) with electrodes. The coke-bed zone and the pre-
reduction zone is indicated.

2Mn0, + CO = Mn,05 + CO, AH®3005 = —201.8-2 (1)
3Mn, 05 + CO = 2Mn30, + CO, AH® 3005 = —176.7 -2 (2)
Mn;0, + CO = 3Mn0 + CO, AHC39g = —53-2% (3)
3Fe,05 + CO = 2Fe;0, + CO, AH®p95x = —39.6 -2 (4)
Fe;0, + CO = 3Fe0 + CO, AH®s00 = 37.4-% (5)
FeO + CO = Fe + CO, AH®s00x = —17.9-L (6)
CaC0; = Ca0 + CO, AH®y05x = 178,22 (7)

MnO + C = Mn + CO . K 8
AHC 305 = —274.7 2L (8)

1.2.2 Energy and carbon consumption

The energy requirement of the SAF is dependent on factors such as input and
output material composition and temperature which is determined by the
operating philosophy and conditions. Tangstad et al.? calculated the effect of
temperature changes of the material flows in and out of the furnace. Increasing
the temperature of the input materials by 100 °C was seen to decrease the specific
energy consumption of the furnace by 82 kWh/ton alloy produced while a 100 °C
lower off-gas temperature would decrease the energy consumption with 26
kWh/ton alloy. More highly oxidized input materials will decrease the energy
consumption due to increased extent of exothermal reactions (reactions (1)-(3)).



Conversely, higher content of carbonates in the ore or added as fluxes increases
the energy consumption due to its endothermal decomposition (reaction (7)). Use
of low-grade ores may increase the specific power consumption by thermal losses
due to increased slag volume, and due to reduced yield of manganese caused by
dilution of MnO in the slag. From industrial data, it has been seen that power
consumption is positively correlated to the amount of flux added to the furnace
and to the amount of slag produced?’.

The MnO content in the slag will influence the manganese yield and is
mainly determined by the slag basicity. The basicity is the ratio between basic and
acidic oxides® and is adjusted by addition of fluxes to the furnace. The amount of
flux in the charge mix is chosen based on the chemical composition of the raw
materials and on whether the slag from the process is discarded or repurposed for
SiMn production?.
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Figure 1-3: The equilibrium partial pressures of CO and CO; for the Boudouard reaction (9) with
carbon activity of one. Calculated using HSC chemistry 918,

Carbon is consumed in the metal producing reaction (equation (8)), by
dissolution of carbon in the alloy and by the Boudouard reaction (equation (9)).
The Boudouard reaction will consume most of the CO, produced above about 800
°C, Figure 1-3 shows the equilibrium partial pressures of CO and CO; as a function
of temperature at furnace conditions (carbon activity of unity). The reaction is
highly endothermic and contributes to an excessive carbon consumption according
to equation (9). In addition, a high extent of the Boudouard reaction will increase
the energy losses during production due to increased energy in the furnace off
gases'®%,

C+C0,=2C0 AH®j05x = 172,4% (9)



The CO; consumed in the Boudouard reaction may originate from the
reduction of higher oxides (reactions (1) - (6)) or the decomposition of carbonates
(i.e. reaction (7)). The amount CO, from higher oxides depends on the ore
reactivity. Carbonates in the ores are often present as calcite (CaCOs), kutnohorite,
rhodochrosite and dolomite?t2®> (CaCOs, CaMn(COs),, MnCOs and CaMg(COs),,
respectively). Calcite and dolomite are commonly used as fluxes'®. Figure 1-4
shows the stability of some of the carbonates as a function of temperature and
CO; partial pressure. Calcium- magnesium- and manganese-carbonate decompose
(Pco, = 1) at 892 °C, 398 °C and 346 °C, respectively. Dolomite decomposes at
427 °C to calcite and MgO. Thermal analysis of kutnohorite shows two
endothermic peaks?®, indicating a similar decomposition mechanism to dolomite.
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Figure 1-4. The stability of carbonates as a function of CO, partial pressure and temperature.
Calculated using Factsage?” with the FToxid, FTmisc and FactPS databases

The kinetics of carbonate decomposition depend on temperature and CO;
content in the atmosphere?®?°, The carbonates other than calcite may decompose
at temperatures below 800 °C3%3! |imiting their CO, contribution to the
Boudouard-reaction, however calcite is stable at 800 °C in carbon dioxide partial
pressures above 0.21 atm (Figure 1-4). Hence, the CO; from the calcite added to
the furnace will react with carbon, effectively doubling the energy consumption
and CO; emissions compared to calcite decomposition alone (reactions (7)-(9)).

Ishak and Tangstad defined the proportion of CO, from reduction of Mn304
to MnO, Fes0, to metallic iron and decomposition of calcium carbonate, not
reacting according to the Boudouard reaction as the degree of pre-reduction (DPR)
32 that is, if no CO, from these sources react with C, the DPR is 100 %. The DPR
was measured on 3 industrial furnaces over a 6-year period, and was typically



between 0-40 %, up to 60 % in good periods and never below zero. Thus, on
average, no CO; from the reduction of oxides higher than Mn30, reacted in the
Boudouard reaction®2. Simulations on different charge mixtures has shown a
potential to reduce the carbon- and energy consumption up to 69 kg C and 350
kWh per ton alloy produced®. From other industrial plants, Ahmed et al.’’
reported an excess consumption during prereduction (i.e. Boudouard reaction) of
78 kg C and 309 kWh per ton alloy and from Pais et al.3*, the excess consumption
was found to be 80 kg C and 320 kWh per ton alloy during prereduction to MnO-
FeO. In Figure 1-5, the excess energy and carbon consumption due to the
Boudouard reaction has been calculated based on a fixed industrial charge
mixture®. If the DPR can be increased from 40 % to 100 %, the carbon and energy
consumption can be reduced by 76 kg and 303 kWh respectively per ton alloy
produced, corresponding well with simulations and with the excess consumption
seen in industry.
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Figure 1-5: Calculated excess consumption of carbon and energy as a function of degree of
prereduction (DPR). Calculated using the charge mixture in'2.

The DPR is influenced by several factors. Lower residence time of the raw
materials in the furnace will increase the fraction of higher oxides and carbonates
reacting in the Boudouard active zone, decreasing the DPR®, Higher water content
will also decrease the DPR32. High amounts of water will require that more energy
is used for evaporation which will keep the raw materials at lower temperatures
for longer time in the furnace. This will effectively give a lower residence time for
the raw materials in the pre-reduction zone. The CO-reactivity of raw materials is
related to the DPR in that the CO-reactivity measures the ability of manganese
materials to be reduced to MnO by CO. In highly reactive ores, a lower fraction of
higher manganese oxides will remain at high temperatures®’, improving the DPR.



1.3 Scope of thesis

The present work aims to study the prereduction kinetics of manganese ores
under conditions that are obtainable in an external pretreatment unit. The focus is
on the effect of different temperatures and gas atmospheres, where the utilization
of CO- rich furnace off-gases is taken into account. Temperatures below 800 °C are
considered such that implementation under conditions where also reductant is
passed through the pretreatment unit is possible. Two commercial ores with
different properties will be investigated. Most of the previous investigations on
prereduction of manganese ore has been done using non-isothermal experiments
to simulate the conditions in the SAF, this work will use isothermal experiments to
simulate possible conditions in a pretreatment unit.

The thesis will be divided into 6 Chapters. Chapter 2 contains the theoretical
background where previous lab, pilot and industrial experience regarding energy
consumption, carbon consumption and pretreatment is included. The
thermodynamics under prereduction conditions is covered as well as the kinetics
of prereduction under different conditions. The literature concerning decrepitation
of manganese ores has also been reviewed.

In chapter 3, the utilized ores, experimental setup, and conditions are
described in addition to details regarding the characterization methods. Details
regarding the selection of gas mixtures is also covered.

Chapter 4 reports the experimental results from the reduction experiments
and from the different characterization methods used in this work. The results
from the two different ores are presented separately.

In Chapter 5, the results from this work are discussed and compared to
other investigations. The reduction behavior of the two ores and the reduction
rate is covered in the context of different temperatures and gas mixtures.
Phenomena other than reduction, i.e., the occurrence of the water gas shift
reaction, carbon deposition, decrepitation and reoxidation is covered as well as
the influence of pretreatment on industrial operation.

Chapter 6 summarizes and highlights the main findings in this work in
addition to suggestions for future work.



2 Literature review

During prereduction in industrial furnaces, higher manganese oxides are reduced
to MnO, iron oxides to FeO or Fe and carbonates in ore or fluxes decompose. The
fraction of these reactions occurring below 800 °C has a significant impact on the
carbon and energy consumption as stated in the previous section. The reactivity of
the different manganese sources and how they react under different influences is
important input for improvement of the manganese ferroalloy production
technology.

This section includes a review on published data from industrial production
on energy and carbon consumption in addition to experiences from pretreatment
of raw materials in pilot and industrial scale. Different raw materials are described
with emphasis on their effect on furnace performance. Literature on the gaseous
reduction of manganese raw materials is reviewed, with a focus on parameters
which influence the kinetics of reduction in comparison with relevant equilibrium
relations. The equilibrium composition and stability of intermediate phases during
reduction may be affected by the chemical and phase composition of the original
material while the kinetics are influenced of factors such as temperature, particle
size, porosity, and gas composition. Decrepitation of the materials may indirectly
influence the kinetics since it affects the particle size of the material.

2.1 Industrial production

In Table 2-1, manganese recovery, energy consumption and carbon consumption
from industrial production of HCFeMn is given. The manganese yield, specific
energy- and carbon consumption is seen to vary significantly between the different
plants, which is related to the different use of raw materials and different
operation strategy. Plant C was run with a high basicity, improving the manganese
yield with the expense of increased energy consumption, and discarding the slag®.
The relatively low manganese recovery in SMC was probably due to the use of low
grade ores, the plant was running with a similar basicity as plant C*. The Union
Carbide plant had the lowest specific carbon consumption which was due to the
use of highly oxidized ore with a high manganese content that gave a relatively
high manganese yield, despite producing a high MnO slag suitable for repurposing
in SiMn production®.

Larssen et al.?®® conducted a materials and energy balance on HCFeMn
production assuming a degree of prereduction of 25 %. An energy consumption of
2456 kWh/ton and carbon consumption of 358 kg C/ton was found, aligning well
with the numbers from industrial production seen in Table 2-1.

Cowx and Nussbaum?!® made a mass and energy balance on HCFeMn
smelting and found that the specific energy and carbon consumption could be
reduced by 343 kWh/ton and 75 kg C/ton by using an external prereduction unit.



Also, the excess energy of the furnace gas could be reduced from 1516 to 382
kWh/ton FeMn.

Table 2-1: Operation results from production of HCFeMn from industrial plants.

Specific Specific
Raw Mn energy carbon
Plant materials recovery consumption consumption Source
[%] [kWh/ton [kg C/ton
alloy] alloy]
% Ore, ; 40
JMC ) 78 2100 - Tomioka et al.
sinter
Plant A Ore 77 2400 360 Olsen et al. 1°
Union Ore**, 39
Carbide Sinter 82 2152 306 Tangstad et al.
Plant C - 91 3395 - Olsen et al. ®
SEAS Sinter 81 2554 355 Pais et al. 3*
Low
grade Eissa et al.3®/
SMC ores, 7> 2930 394 Ahmed et al."’
Sinter

*
Pretreatment operation at the plant

**Dried and sieved ore

Davidsen” ran a 4 month industrial trial producing SiMn without the use of
fluxes. A materials and energy balance on a simplified charge mixture predicted a
reduction of 204 kWh/t and 9 kg C/batch (1 batch = 1000 kg Mn sources) by
changing the dolomite input from 60 kg/batch to 0. The predicted disadvantage
was lower manganese recovery (79.7 % to 77.8%). In the industrial trial, the
specific energy consumption was reduced by 197 kWh/t and carbon consumption
by 9 kg/batch. Furnace stability and tapping conditions remained stable during the
trial. A similar effect of the decreased use of fluxes is expected in HCFeMn
production; the reduced basicity lowers the manganese yield and reduced amount
of carbonates in the furnace reduces carbon and energy consumption. If
carbonates are decomposed during pre-treatment, the same effect may be
achieved without sacrificing the manganese recovery.
2.1.1 Pretreatment of raw materials
The raw materials may be treated in a pre-treatment unit before they enter the
furnace, as indicated in Figure 2-1. The off gas from the SAF constitutes an
excellent energy source for a pre-treatment unit due to its high energy content
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and its availability at the plant. Previously, pre-reduction of manganese ore has
been conducted in a rotary kiln, where they used HCMnFe furnace off gas (70 %
CO, 25 % CO3, 5% Hy) as fuel with the addition of coke for reduction*!.

Excessive moisture and excessive oxygen in the charge materials may lead
to unstable furnace operation, i.e., furnace eruptions. There are safety limitations
regarding the amount of moisture and excessive oxygen that enters the SAF*>*3, By
pre-treating the raw materials, the moisture will be removed, and higher oxides
will be reduced, thus promoting stable furnace operation. The reduction of higher
oxides have the added advantage of supplying energy to the charge mixture in the
pre-treatment unit due to the high exothermicity of their reaction with CO gas
(reactions (1), (2) and (3)). In sum, the safety regulations regarding oxygen and
moisture contents are fulfilled by pre-treating the charge materials, thus increasing
the flexibility in the choice of charge mixture for production.

Pre-treatment
unit

e |

Coke bed zone Metal
Pre-reduction Zone

Figure 2-1: Sketch of a submerged arc furnace and a pre-treatment unit.

As previously mentioned, most CO;, produced above 800 °C will be
consumed in the Boudouard reaction. The addition of a pre-treatment unit using
the furnace off-gas as the energy source will effectively increase the residence
time of the ore at reducing conditions, thus increasing the degree of pre-

10



reduction®. To improve the pre-reduction further, it is possible to add additional
fuel to the pre-treatment unit.

Julia et al** pretreated ores in a pilot scale rotary kiln. The kiln was fueled
with gas and tests were conducted with and without coal. Two different ores were
used, containing predominantly MnO, and Mn;0s, respectively. The energy
consumption during heating without coal was higher for the MnO, ore due to
higher extent of endothermal decomposition reactions (reaction (1)). In the
presence of coal, the energy consumption for the MnO, ore was more than halved,
while little effect (< 5% difference) was seen for the Mn,0s ore.

2600

2400 A

2200 A

kWh/ton alloy
.
(=] +r] o
(=] o o
o o o

1400 A

12004

1000 -

Figure 2-2: The electric energy consumption of a high carbon ferromanganese furnace based on mass
and energy balances 12. The use of a pre-treatment unit with no, partial and complete pre-reduction
of the raw materials is considered.

Industrially, pretreatment of manganese ores has been conducted in rotary
kilns fueled by CO rich furnace off gas and solid fuels®>*®4-12 Teguri et al.*!
implemented pretreatment where the primary goal was to fully decompose all
carbonates in the ore. HCMnFe furnace off-gas (70 % CO, 25 % CO, 5% H,) and
coke was used as fuel for the rotary kiln. Satisfactory removal of carbonates was
achieved with a 9 h residence time in the reactor at 1150 - 1250 °C. In addition to
the decomposition of carbonates, prereduction to O/Mn=1.19 (1 year average)
was achieved. In another plant, a rotary kiln was used for heating and partial pre-
reduction at lower temperatures 600 - 700 °C 6. The rotary kiln was fueled by
furnace off-gas, tire chips, coal and kerosene . A materials and energy balance
revealed that the energy consumption of the SAF was reduced by 25 % if the
pretreatment evaporated the water content, decomposed the carbonates and
preheated the raw materials to 600 °C 2. The effect of different states of
prereduction on electrical energy consumption of the furnace can be seen in
Figure 2-2. Pretreatment reduces the electric energy consumption and the
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magnitude of the reduction in power consumption depends on the degree of
which the exothermic reactions take place inside the furnace. Viewing the
pretreatment unit and the furnace as one system, this effect cancels out since the
exothermal reactions happening in the pretreatment unit will reduce the energy
consumption of the pretreatment unit. The case of full external prereduction
(rightmost column) has a relatively low power consumption due to the absence of
the Boudouard reaction (reaction (9)).

In a pre-treatment unit, furnace off-gas may be utilized as a source of
reductant and energy. The amount and composition of the furnace off-gas may not
be of sufficient quantity and quality to achieve the desired level of reduction. If
additional fuel should be added in the pre-treatment unit, H, may be a good
candidate to avoid increasing the carbon footprint of the overall process.

2.2 Manganese raw materials

2.2.1 Ore

Pochart et al.*? classifies the major manganese ores as oxidized, semi-oxidized or
carbonated, corresponding to the oxidation state of manganese and carbonate
content. The oxidized ores contain high amounts of oxygen, and the oxidation
state of manganese is close to MnO,. Groote Eylandt (GE), Companhia Vale do Rio
Doce (CVRD) and Comilog are examples of oxidized ores (see Table 2-2). Semi-
oxidized ores have oxygen contents close to that of Mn,0; (e.g. Nchwaning and
Wessels) while carbonated ores contain high amounts of carbonates (e.g. Gloria
and Mamatwan), specifically calcite and kutnohorite?’. The carbonated ores have
many of the same phases as the semi-oxidized ores, however the ratio between
carbonates and oxides is higher. Oxides in the semi-oxidized and the carbonated
ores are often in the form of Braunite (l or Il).

Singh et al.*® uses a different classification using silicate, oxidized and
carbonate ores. The oxidized ores in this classification, contain both the oxidized
and semi-oxidized ores as defined by Pochart et al.*’, with the exception of
Braunite ores that fall into the silicate classification. Morro da mina ore is a silicate
ore where the main silicate minerals are spessartine and tephroite, however it also
contains significant amounts of rhodochrosite??. Carbonate ores (Singh et al.*®) are
ores where the major minerals are carbonates, such as Nsuta carbonate ore?..
Ores may also be characterized based on their gangue content, such as ferruginous
ores that contain 13-23 % Fe and 25-35 % Mn or siliceous ores containing more
than 15 % Si in addition to 23-30 % Mn*&,

In ferroalloy production, the different ore types will influence the behavior
of the furnace in various ways. More highly oxidized ores will produce additional
heat through the exothermal reduction with CO, however the amount of highly
oxidized ore in the furnace is limited for safety reasons*? *3, Carbonate containing
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ores and carbonate ores will require additional energy due to the endothermal
decomposition of carbonates, however this effect cancels out if these carbonates
displace the addition of fluxing agents. Low grade ores with high contents of
gangue materials may cause excessive slag formation with associated losses by
thermal energy and reduced manganese yield through dilution of MnO in the slag.
The mix of ores, fluxes and other manganese sources for ferroalloy production is
chosen on the basis of factors like Mn/Fe ratio, P-content, excess oxygen content
and availability.

Table 2-2: Major phases (minerals) found in manganese raw materials (ores). Ore short names, GE=
Groote Eylandt, Com=Comilog, Nch=Nchwaning, Wes=Wessels, Glo=Gloria, Nsu=Nsuta carbonate and
Mor=Morro da mina. Marks (x) indicate minerals identified in the ores based on XRD-analysis. The
phase identification of GE and Com ores was aided by mineralogical analysis. References: GE and Com
49 Nch and Glo 23, Wes 25, Nsu 2%, Mor 4.

Mineral Chemical formula GE Com Nch Wes Glo Nsu Mor
Pyrolusite MnO; X X

Ramsdellite MnO; X

Cryptomelane  KMngOss X X

Nsutite Mn1xMnxO22xOHax X

Lithiophorite (AlLi)MnO3(OH), X

Bixbyite (Mn,Fe),03 X
Braunite 3(Mn,Fe)203*MnSiO3 X
Braunite I 7(Mn,Fe),03*CaSiO3 X
Bementite Mn7SisO15(0OH)s X
Johannsenite CaMnSi;0s X
Hausmanite Mn304 X X
Jacobsite MnFe;04

Marokite CaMn,04

Manganite MnOOH X X X

Goethite FeOOH

Hematite Fe,03 X X X
Kutnohorite CaMn(COs),

Calcite CaCOs X
Dolomite CaMg(CO0s), X
Rhodochrosite  MnCO3 X
Quartz SiO, X X X
Barite BaSO. X X
Tephroite Mn,SiO,

Rhodonite (Mn,Fe,Mg,Ca)SiOs

Spessartine Mn3Al5(SiOa)3
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2.2.2 Sinter

Fines from the mines are often agglomerated by sintering. The oxidation state of
manganese in sinter is between MnO and Mn304%%34, Using sinter in production
has been seen to improve the stability of furnace operation, reducing the amount
of blow-outs and eruptions and reducing the electrode consumption3**°. Sinter has
a higher electrical resistivity compared to ores, contributing to deeper electrode
penetration and higher productivity>**°2, From previous investigations, it is seen
that sintering may reduce the porosity and reactivity compared to the lump ore¥.
Due to the lower oxygen content of sinter compared to ores, it is expected that
using sinter will contribute to increasing the energy consumption in the furnace,
however it has been seen industrially that the carbon consumption is lower34.
There are several reasons for the lower carbon consumption using sinter. Good
charge permeability ensures a good distribution of reducing gas in the charge,
deeper electrode penetration will increase the size of the pre-reduction zone thus
increasing the residence time of the raw materials at pre-reduction conditions, and
sinter does not contain chemically bound water or carbonates. In addition, it is
possible to avoid carbonates in the charge mixture since fluxes may be
incorporated in the sinter. From materials and energy balances the decomposition
of carbonates contributes to 7% and 5,6% of the energy consumption for HCFeMn
and SiMn respectively®!, however these numbers will depend on the charge mix.

2.2.3 Briquettes

Briquetting is a cold bonding process using binders to agglomerate fines'®. In
addition to upgrading ore fines, it may be used to repurpose manganese
containing fines and sludges from filters and gas cleaning facilities at ferroalloy
plants, which will improve the total utilization of the manganese resource and
reduce the need for landfilling waste materials. Excellent chemical and mechanical
properties of briquettes have been seen in lab scale>®*7, and larger scale
experiments have been conducted>”’,

Diaz et al.’ produced briquettes using fines from manganese ores and
metal fines in addition to filter dust and gas cleaning sludge together with an
organic binder. The briquettes had similar mechanical strength, less fines
generation and higher strength after heating and reduction compared to
manganese ore. A pilot scale experiment was conducted where standard HCFeMn
charge mixture was compared to a charge mixture containing 30 % briquettes. The
gas permeability through the charge improved when the briquette containing
charge mixture was used, and the specific energy consumption decreased which
may have been caused by improved prereduction.

Davey’ made briquettes using off-grade metal fines and dust from
production. Using 10 % briquettes in the charge mixture caused a reduction in the
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specific energy consumption of 7.4 % and reduced the specific carbon
consumption with 11.4 %.

Bizhanov et al.> produced briquettes using ore fines and baghouse dust
from a ferroalloy plant with Portland cement as binder. The briquettes were tested
in a full-scale operation, increasing the fraction of briquettes in the charge mixture
incrementally from 5 % up to 40 % over a period of several weeks. During the
campaign there were good furnace conditions, improved gas permeability in the
charge compared to normal operation and uniform temperature distribution at the
top of the furnace. Decreased specific energy consumption was also observed.

2.2.4 Nodules

Nodulizing is a process used for treatment of carbonate ore fines in rotary kiln at
1145-1260 °C. The process decomposes carbonates, evaporates water and
agglomerate the material?>*®%°, Tangstad et al.%® investigated the properties of
Autlan nodules from Hidalgo, Mexico. Chemical analysis showed that all
carbonates were decomposed, and the content of CaO and MgO was sufficient to
produce HCFeMn without additional fluxes. The manganese was present as
manganosite, galaxite and tephroite, corresponding to the oxidation state of MnO.
The mechanical strength was higher compared to commercial ores and the
porosity was between 3-9 %. The nodules were found to behave similarly to ores in
pilot scale experiments®®.
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2.3 Equilibrium relations during prereduction

The stability of ores may be influenced by the overall chemical composition and
phase compositions. Table 2-3 shows results from chemical analysis of selected
manganese ores and it is seen that the Mn/Fe ratio and content of other oxides

vary substantially. The amount of carbonate phases, e.g., calcite, is represented by

the amount of CO; in Table 2-3. Carbonate phases were discussed in section 1.2.2,
where calcite was seen to be the only stable carbonate decomposing above 800 °C,

and that carbonates are stabilized by partial pressure of CO,, as can be seen by the
decomposition reaction CaCO; = Ca0O + CO; (reaction (7)).

Table 2-3: The SiO,, Al,03, CaO, MgO and CO, content, the total manganese content and the Mn/Fe

ratio of a selection of manganese ores. All values are on a mass basis.

Ore Mn/Fe Mn Si0, AlL,O; CaO MgO co; Ref.
GE 9,2 61,5 4,4 1,19 0,03 - N.A. 62
GE 14,1 63,4 6,09 3,9 0,18 - N.A. 49
CVRD 5,1 51,1 9,01 10,3 0,21 0,36 N.A. 49
Comilog 31,0 64,4 5,85 7,1 0,08 - N.A. 49
Nchwaning 4,9 50,2 8 0,3 3,5 0,6 1,8 25
Nchwaning 3,4-51 41,3-45,5 3,9-6,5 0,3-0,4 3,8-8,9 0,5-1,1 0,8-4,3 2
Mamatwan 7,9 38,6 6,1 0,2 13,9 4 16,1 25
Gloria* 6,7 35,7 6,2 0,3 14,6 3,9 17,4 2
Wessels 3,9 47,7 2,8 0,4 4,9 0,4 0,8 2
Wessels 4,9 54,2 4,18 1,5 8,3 0,7 N.A. 49
Wessels 4,4 48,2 3,2 0,4 5,4 - N.A. 62
Wessels WH 5,8 52,3 3,9 0,3 4,8 0,3 0,9 63
Wessels W1 3,9 47,8 3,1 0,4 4,8 0,2 0,7 63
Wessels W4 1,9 35,3 5,51 0,3 9,41 0,2 1,1 64
UmBogmaH 29 30,7 2,4 1,0 2,3 0,9 N.A. 65
UmBogmaM 2,2 27,2 5,1 2,1 2,3 1,5 N.A. 65
Um Bogma L 11 22,3 2,1 1,0 3,0 1,6 N.A. 65

*2 measurements averaged
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Figure 2-3: Phase diagram for the Mn-O (black solid lines) and Fe-O (red dashed lines) systems. The
figure shows the stability of phases as functions of temperature and oxygen partial pressure.
Calculated with Factsage using the FToxid, FTmisc and FactPS databases?’.

The manganese- and iron- oxides in the ore will be transformed as the ores
are added to the furnace. Figure 2-3 shows the stability of the pure manganese-
and iron- oxides as a function of temperature and oxygen partial pressure. With
increasing temperature and decreasing oxygen partial pressure, MnO, and Mn;03
will be reduced or decompose while Fe;0s is the stable iron containing phase. The
reducing conditions of Mn3;04 to MnO is close to that of reduction of Fe,0; to
Fes0.. Fes04 may be reduced to FeO and Fe in the stability range of MnO. The
stepwise reduction of manganese- and iron- oxides according to equilibrium
conditions is summarized in Table 2-4. If prereduction to step 6, that is MnO and
Fe, is accomplished below 800 °C industrially, there will be no CO, from reduction
of oxides available for the Boudouard reaction, C + CO2 = 2CO (reaction (9)) (see
section 1.2.2).

Table 2-4: Shows the stepwise reduction according to equilibrium of pure manganese and iron oxides.
Step 3-4 has been simplified as both MnO/Fe,03 and Mns04/Fes04 can coexist in small areas
depending on the oxygen partial pressure (Figure 2-3).

Step 1 2 3 4 5 6
MnOy MnO, Mn,03 Mn304 MnO MnO MnO
FeOx Fe,03 Fe,Os3 Fe,03 FesOq4 FeO Fe
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While Figure 2-3 shows the coexistence areas when Mn and Fe is not in
solution, Figure 2-4 shows the stability of Mn-Fe oxides in solution at 800 °C as a
function of Mn/Fe ratio and oxygen partial pressure. It can be seen that the
different oxides show various degrees of solid solubility. The composition of
selected ores has been indicated. The magnetite phase (Fes04) may contain almost
75 % Mn cations at 800 °C, stabilizing a higher fraction of manganese in the higher
oxides compared to pure Mn3;04. FeO and MnO display complete solid solubility,
and the decreased activity of FeO in solid solution with MnO stabilizes the FeO and
makes metallic iron form at lower oxygen partial pressures than pure FeQ°®.

Mamatwan
Mn-Fe-0, - 800 °C Um Bogma Nchwaning | Comilog
0 T T T T 'A j T j I
Fe;04 Fe,0; + Mn,0; Mn;O; |
_5 L F6203 + F6304 Fe304 N
Mn;0O,
10 E Fe;04

Fe;O, + (Mn,Fe)O

log p(0,) [atm]

(Mn,Fe)O
20 F N
Fe+{Mn,Fe)O
05 L 4
-30 ; ; . .
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Figure 2-4: Phase diagram for the Mn-Fe-O, system at 800 °C showing the stable phases as functions
of oxygen partial pressure and composition. For clarity in the figure, the phases are labeled as their
pure oxide, i.e. the magnetite phase is labeled Fes;04 even though (Fe,Mn)s;0, could be an appropriate
label to indicate the dissolved manganese cations in the phase. The composition of selected ores is
indicated. Calculated with Factsage using the FToxid, FTmisc and FactPS databases?’.

The stabilization effect caused by mixed oxides has been observed
experimentally®>®”7!, The stabilization of MnsO4 due to high iron content was
observed by Fahim et al.®® when reducing different grades of Um Bogma ore with
CO. Larssen et al”® observed that FeO was stabilized in solid solution with MnO
during reduction of Comilog and Nchwaning ore. The conditions were such that
metallic iron was expected to form according to Figure 2-3. The same was
observed by Lobo® under reduction of Nchwaning ore. During reduction of
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synthetic pellets made from MnO, and Fe,0s, Liu et al.?3%° observed the formation
of (Mn,Fe);04 above 800 °C. (Mn,Fe)3;04 was formed in reaction between Mn304 +
Fes0s and MnO + Fes0. where the reaction with MnO occurred at lower
temperatures. It has also been seen that Fe (and Mn) may be stabilized in
aluminates (galaxite) and silicates (tephroite and rhodonite)’?, and that Mg and Ca
enter the monoxide phase?>#%73776,
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Figure 2-5: An isothermal section of the Mn-Si-O, phase diagram showing the stable phases at 800 °C
as a function of composition and oxygen partial pressure. Calculated with Factsage using the FToxid,
FTmisc and FactPS databases?’.

SiO; is a component in most ores (Table 2-3) however the chemical
analysis does not state in which form it is present. In GE and Comilog ore, SiO; is
present as quartz whereas in Wessels it is present in Braunite (I and 11)*°. The
stability of bixbyite ((Mn,Fe),0s) versus braunite ((Mn,Fe),03:(Mn,Ca)SiOs) has
previously been suggested to account for observed differences in reducibility of
ores’’’°. The isothermal section of the Mn-Si-O, phase diagram in Figure 2-5
shows that the oxygen pressure at which braunite decomposes is about 107,
compared to below 107 for bixbyite (Mn,0s) at 800 °C. A 70 % CO — 30% CO, gas
mixture establishes a high driving force of reduction for either of the minerals,
with an oxygen partial pressure of approximately 101° at 800 °C®. The driving
force for reduction is several orders of magnitude larger than the difference
between the minerals, thus, the observed difference in reducibility may be due to
kinetics.
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Figure 2-6: The Gibbs free energy of oxidation og H, and CO and the equilibrium oxygen partial
pressures of a 70 % CO —30 % CO, and a 70 % H, — 30 % H,0 gas mixture. The driving force for the gas
mixtures are equal at about 815 °C. Calculated using HSC chemistry 98,

As previously mentioned, preheating and prereduction of ores may reduce
the carbon and energy consumption during production. Different gas atmospheres
will impose different driving forces for reduction- and decomposition reactions. As
seen above (i.e., Figure 2-3), a higher oxygen pressure gives a lower driving force
for reduction, thus using air instead of a reducing gas like CO or H;, will lower the
reduction rate as well as yielding a higher oxidation level at equilibrium. The Gibbs
free energy of oxidation of CO and H; as a function of temperature is shown in
Figure 2-6. It can be seen that the thermodynamic driving force for oxidation of H,
and CO is equal at about 815 °C, and that H, is a stronger reductant than CO at
higher temperatures than 815 °C. The oxygen partial pressure of H,/H,O and
CO/CO; mixtures containing 70 % reducing gas shown in Figure 2-6 gives the same
information as the Gibbs free energy. Using the equilibrium oxygen partial
pressure to describe the driving force is useful since it allows for direct comparison
of the thermodynamic potential of different gas mixtures.

MnO is quite stable during reduction, even at low CO contents as seen in
Figure 2-7 where the oxygen partial pressure of CO/CO, gas mixtures containing 30
% and 70 % CO has been superimposed on the Mn-O; phase diagram. MnO is
stable in CO/CO; gas mixtures containing 1 % - 99 % CO and in H,/H,0 mixtures
containing 1 % - 99 % H,%.
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Figure 2-7: Oxygen partial pressures of CO/CO, gas mixtures with 30 % and 70 % CO, respectively,
superimposed on the Mn-0O, phase diagram. The phase diagram was calculated using Factsage?” with
the FToxid, FTmisc and FactPS databases. Equilibrium gas compositions were calculated using HSC
chemistry 918,

In the stability range of MnO at 800 °C, iron may be in the form of
magnetite (Fes04), wustite (FeO) or metallic iron (Fe) (Figure 2-3). Obtaining
metallic iron below 800 °C would be beneficial for the energy and carbon
consumption during industrial production, however it is seen that the iron is
stabilized as FeO either in solid solution with manganese, calcium and magnesium
or in silicates and aluminates. Hence, the highest achievable prereduction of
manganese- and iron- oxides below 800 °C is MnO-FeO. Metallic iron has been
observed after isothermal reduction of low grade agglomerates (Mn/Fe=3.2) in H,
above 900 °C82-%

2.4 The prereduction rate of Manganese raw materials

The distance from equilibrium describes the driving force for the reaction, and the
rate of the reaction is given by the driving force between the gas and the oxide, as
well as other kinetic variables. In the previous section it was seen that the chemical
composition influences the equilibria during reduction. The reduction rate is
dependent on the reducing conditions i.e., temperature, heating rate and gas
composition. Additionally, the reduction rate depends on the properties of the raw
material such as porosity, mineral composition, and particle size. In the following,
the influence of the different parameters on the prereduction of manganese raw
materials is reviewed.
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2.4.1 The effect of mineral composition and porosity on prereduction
Factors such as the mineral composition and porosity of raw materials has been
seen to influence the kinetics during reduction. There are large differences in
phase- and chemical composition of raw materials from different sources (Table
2-2 and Table 2-3 respectively), and there are differences in porosity. The mineral
composition is seen to have an impact on the kinetics when the porosity is low,
while in porous ores and agglomerates, the reactivity is correlated with porosity.
The porosity increases during reduction and with carbonate decomposition®”-887,

Ling et al.2 made pellets from manganese ore and calcite, engineering the
porosity after calcination by different additions of calcite. The reduction rate of
MnO in methane was seen to increase with increasing porosity of the pellet.

Lobo®” reduced Nchwaning pellets and lump ore isothermally at 950 °C and
observed a significantly higher reduction rate for pellets compared to lump ore.
The porosity of the pellets was higher compared to the lump ore.

In general, different ores have different reactivities as observed in several
investigations. Tangstad et al.” that reviewed 6 laboratory investigations focused
on the reactivity of various manganese ores. Comilog and GE stand out as the most
reactive ores in the studies. The authors explain this by that bixbyite is reduced
faster than braunite. Bixbyite (Mn;0Os3) is an intermediate phase during
prereduction of Comilog and GE ores.

In Berg”” and in Berg and Olsen’ minerals were isolated from GE,
Nchwaning and NAM (Namibian ore) ores to investigate the reduction kinetics of
the separate minerals. Braunite minerals were more difficult to reduce compared
to bixbyite. This was believed to be due to that that bond strengths in between Si
and O are higher compared to Mn and O and the need for solid state diffusion in
the separation of products from the reduction of Braunite (I and Il). Topochemical
reduction was observed in reduction of GE and Nchwaning, and the initial porosity
is low for both ores®**3, In diffusion-controlled reduction of dense particles, a
concentration gradient will be established across the product layer®, causing the
virgin material to be exposed to lower levels of reducing gas compared to the bulk
gas composition. Hence, the increased stability of braunite compared to bixbyite
(Figure 2-5) may influence the reduction rate in this case. The reduction rate of
bixbyite from Nchwaning was higher compared to bixbyite from GE due to
improved product layer diffusivity. The bixbyite from Nchwaning ore had a higher
porosity compared to the GE bixbyite’®. The reduction of Braunite | in NAM ore
was observed to be considerably faster compared to the reduction of Braunite | in
Nchwaning”’. No reaction front was observed in the NAM Braunite and the ore
was observed to have more cracks and pores compared to Nchwaning.
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Figure 2-8: The O/Mn ratio after reduction in CO/CO, atmospheres with different CO contents. The
results from Pochard et al.*2 is compared to results from Larssen et al.”’ and Mukono et al.8” obtained
at an intermediate heating rate, similar median particle size and lower end temperature.

Pochart et al.*? reduced GE, Comilog, Mamatwan and Nchwaning ores in
CO/CO, atmospheres. Two different heating rates were employed, 2 °C/min and 8
°C/min, corresponding to the minimum and maximum heating rates observed in
industrial furnaces. It was found that oxidized ores (GE and Comilog) in most cases
has a lower reactivity compared to the semi-oxidized ore (Nchwaning),
contradicting other observations?*37.7%,

Figure 2-8 compares the results from Pochart et al.*? with investigations
using similar particle size fractions. It can be seen that the O/Mn ratio after
reduction is higher in Pochart et al.*?, despite the end temperature was 100 °C
higher. Pochart et al.*? used off-gas analysis to determine the O/Mn ratio while the
other investigations used the chemical analysis and weight loss data in conjunction
to determine the O/Mn ratio’®®, the latter is believed to be more robust. Later
studies®*°%9! have observed oxygen evolution when heating Comilog ore, also in
the presence of CO%. If oxygen was not measured in the off-gas analysis in Pochart
et al.*?, it would cause an underestimation of the reactivity of the oxidized ores.
The observed effects of heating rate (section 2.4.2) and particle size (section 2.4.3)
in Pochart et al.*? is consistent with other investigations.
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Table 2-5. The O/Mn ratio and porosity of different ores at 800 °C during reduction in a gas mixture of
CO/Cco, = 70/30.

Raw material 0/Mn Porosity [%] Reference

Gloria ore 1.2 6 23
Nchwaning ore 1.3-1.4 2.3 23

Nchwaning* ore 1.22-1.28 0-1 32 37
Nchwaning* ore 1.23 5.3 53
Nchwani-ng* M 1.00 39.4 53
Nchwaning* B 1.05 20.9 53
Nchwaning* pellets** 1.04 423 37

Comilog ore 1.02-1.09 24.0-48.9 32 37
Comilog ore 1,14 22.5 53
Comilog M 1.00 45.2 53
Comilog B 1.05 28.3 53

Comilog sinter 1.09-1.13 13.6 32 37
Comilog pellets** 1.07 16.3 37
Urucum ore 1.15 17.5 53
Urucum M 1.00 34.7 53
Urucum B 1.02 28 53
CVRD ore 1.04 38.4 37
CVRD sinter 1.18 13 37
CVRD pellets** 1.14 9.5 37
Ore A~ 1.00 22.6 54
Ore A - Briquette 1.00-1.01 24.3 54
Ore A - Sinter 1.10-1.14 17.7 54
Ore A - Pellet™*® 1.10-1.15 11.9 54
OreB 1.00-1.04 18.5 54
Ore B - Briquette 1.00-1.01 22.2 54
Ore B - Sinter 1.11 11.1 54
Ore B — Pellet® 1.10-1.22 4.7 54

*Nchwaning ore which is named Asman or Assmang in the reference
** Crushed ore to <0,2 mm pelletized and sintered at 1100 °C for 30 min
~Smaller particle size, +4,5 mm for ore and +6,3 for pellets
i Crushed ore to 20 um (d50), pelletized and sintered at 1200 °C for 30 min

M — briquettes with 10 % molasses binder, B - briquettes with 5 % bentonite binder

Several investigations have measured the CO-reactivity under similar
conditions and set-up®*54?33733 The reactivity was assessed from the excess
oxygen at 800 °C where O/Mn ratio at 800 °C is inversely proportional to the
reactivity. Approximately 200 g ore in the size fraction 10-14.7 mm was heated to
1100 °C with a 10 °C/min heating rate in a 70 % CO/30 % CO, atmosphere. The gas
atmosphere was chosen as it is believed to be close to the gas composition around
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700-900 °C in industrial furnaces. Table 2-5 and Figure 2-9 show the porosity and
the O/Mn ratio at 800 °C from these investigations.
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Figure 2-9: The O/Mn ratio at 800 °C from reactivity tests as a function of initial porosity?337.5354, The
O/Mn ratio is inversely proportional to the reactivity; hence the reactivity increases with increasing
porosity across the raw materials.

Visser et al.2% claimed that the higher CO-reactivity of Comilog compared to
the Nchwaning and Gloria ores was due to the higher porosity of Comilog ore.
Turkova et al.*” reported that Nchwaning ore had the lowest CO-reactivity and the
lowest porosity. Conversely, the Nchwaning pellets had the highest CO-reactivity
and the highest porosity. It can also be seen that the sinters from CVRD and
Comilog had a lower reactivity and porosity compared to their lump ores (Table
2-5). The porosity of the raw materials was found to increase with temperature
and with extent of reduction (the latter is shown in Figure 2-10). Tangstad et al.>*
tested lump ore, briquettes, sinter and pellets of two different ores. The lump ore
and the briquettes were close to fully reduced at 800 °C, and their porosity were
higher compared to the pellets and sinter. Jesus and Tangstad >3 tested lump ore
and briquettes made from Urucum, Nchwaning and Comilog ore and found that
Urucum and Comilog had a higher CO reactivity compared to Nchwaning. Two
types of briquettes were made from each ore and both types displayed a higher
reactivity compared to the ores. The porosity of the briquettes was higher
compared to the lump ores and the briquettes with highest porosity also had the
highest reactivity.

In the reduction of carbonate containing ores, oxide reduction and
carbonate decomposition may happen simultaneously. The decomposition of
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carbonates may increase the local CO, concentration that in turn may retard the
reduction rate of the oxides and decomposition rate of carbonates due to lower
driving force. On the other hand, carbonate decomposition increases porosity due
to the associated volume change of carbonate decomposition.

Sukhomlinov and Tangstad® observed that the reduction of higher
manganese oxides and decomposition of carbonates in United Manganese of
Kalahari (UMK) ore occurred mainly at about 700 °C and 900 °C, respectively. This
was later confirmed by Mukono et al.®#” that in addition observed some carbonate
decomposition at 700 °C, hence the carbonates in UMK decomposes in two steps
at about 700 °C and 900 °C. In Nchwaning ore, the carbonates decomposed in a
single step at about 900 °C®¥ and for both ores, carbonate decomposition coincided
with an increase in the porosity. The porosity was seen to increase at lower
temperatures in UMK than in Nchwaning ore and Nchwaning ore had a lower
reactivity compared to UMK®’. Figure 2-10 shows the correlation between porosity
and O/Mn ratio for different ores where it is seen that the porosity increases with
increased extent of reduction (=lower O/Mn ratio).

Comilog CVRD
Nchwaning X Reiersen 2021
UMK V¥ Turkova et al. 2014

Parosity [%]

1.0
O/Mn

Figure 2-10: Measured porosity of different ores after reduction (up to 950 °C) as a function of O/Mn
ratio from chemical analysis. Added trendlines; Turkova et al.3” — dashed, Reiersen®? — Solid. As the
degree of reduction increases (decreased O/Mn ratio), the porosity is seen to increase.

In dig-outs from pilot scale experiments, Mukono et al.** observed that
UMK ore had a greater extent of prereduction compared to Nchwaning ore
throughout the prereduction zone of the furnace. UMK and Nchwaning ores
contain similar minerals though UMK has a higher initial porosity®>®* and a higher
carbonate content (UMK is from the same ore body as Gloria®>®®, see Table 2-2).
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As mentioned previously, Berg”’ observed that braunite had significantly
different reactivities depending on which ore it originated from, and that the
fastest was associated with a higher amount of cracks and pores. This indicates
reduced diffusion resistance and is in line with the observed correlation between
increased reactivity and porosity from later works?32375354 The same behavior is
seen in oxidized ores where GE ore has a lower porosity (5-7%)%° and reactivity
compared to Comilog ore*?, even though the phase composition is similar (Table
2-2). The reactivity of pellets*”**¢” improved compared to the original ore only
when the porosity was increased and vice versa, though the heat-treatment during
induration of the pellets may have influenced the reactivity since all carbonates
were decomposed. The briquettes®>* however are not heat treated, hence the
phase composition is identical to the lump ore and the improved reactivity can be
correlated directly to the improved porosity. Increased porosity due to carbonate
decomposition correlates with improved prereduction in ores with similar mineral
composition®”?3, thus the possible retarding effect from increased local CO,
content has a limited impact compared to the increased porosity. The positive
correlation between porosity and reactivity, indicates that a lower mass transfer
resistance within the materials improves the reduction rate. The contact area
between the reducing gas and unreduced material will be higher in a porous ore
compared to a dense ore. In conclusion, the phase composition and carbonate
content may influence the reduction kinetics of manganese ores, however the
influence from porosity is more significant.

2.4.2 Effect of temperature and heating rate on prereduction

Manganese reduction has been investigated through isothermal and non-
isothermal experiments. Isothermal experiments have the advantage of obtaining
data for specific temperatures that ideally is well suited for modeling. However,
manganese oxide materials tend to react at low temperatures, thus a substantial
degree of reduction may have occurred before the sample reaches the set
isothermal temperature. Non-isothermal reduction on the other hand, explores
the entire temperature range, making it possible to identify at which temperatures
different reactions starts. The disadvantage is that the early stage of reduction is
always investigated at low temperatures, and late stages always at high
temperatures. Several investigations have been conducted both isothermally and
non-isothermally at different temperatures and heating rates.

Ishak®” reduced Comilog ore isothermally in CO/CO; atmospheres. Most of
the samples were calcined at 1100 °C in nitrogen to convert the manganese oxides
to Mn30s. In addition, a few samples were pre-reduced at 290-300 °C in pure CO to
a similar composition and tested at 900 °C and 1000 °C. It was found that both
diffusion through the product layer and chemical reaction controlled the reduction
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rate in the range 900-1100 °C, where the diffusion had a stronger effect at high
temperatures and the chemical reaction at low temperatures. Reduction rate was
higher in the pre-reduced samples compared to the calcined samples indicating
that the calcination prior to reduction influences the structure of the ore, and
hence the reduction rate of Mn3:0,%’. At higher temperatures (1000 °C) this
difference vanished due to sintering effects during reduction. Berg and Olsen’® also
observed that reduction was retarded at high temperatures in siliceous ores due to
sintering effects.

The reduction rate was seen to increase with increasing temperature
during isothermal reduction of pellets and briquettes from a low grade Egyptian
ore 750 °C to 950 °C in hydrogen82#3,
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Figure 2-11: The O/Mn ratio as a function of final temperature during non-isothermal reduction at
different heating rates. Bigrnstad?*?8: 10-13.2 mm particles at 3 °C/min .Larssen et al’®: 11.2-15 mm
particles at 6 °C/min. Mukono et al®’: 10-12.5 mm particles at 9 °C/min. The ore is more reduced at
lower heating rates and higher temperature as expected.

Mukono et al.®” (Reiersen®?) reduced Comilog, Nchwaning and UMK ores
non-isothermally in CO/CO, gas mixtures containing 70 % CO. Based on the weight
loss and reduction rate curves it is seen that prereduction of Nchwaning and UMK
ore was completed at 1000 °C when employing a 3 °C/min heating rate but
reduction was incomplete with 6 °C/min and 9 °C/min. Comilog was fully reduced
for all heating rates. Chemical analysis, on the other hand, indicated that the UMK
and Nchwaning were fully reduced in all cases whereas Comilog was not. Comilog
has a low iron content compared to Nchwaning and UMK (Table 2-3) and it has
been seen previously that the O/Mn ratio is underestimated in the chemical
analysis when iron is present as Fes04 or FeO [Sarina Bao — unpublished work in
the Prema project]. Figure 2-11 shows the O/Mn ratio after non-isothermal
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reduction to different temperatures where it is seen that increased temperature
and lower heating rates give a lower O/Mn ratio after reduction.

Larssen et al.*® reduced Comilog and Nchwaning ores non-isothermally at 6
°C/min. Reduction was complete below 600 °C for the Comilog ore, whereas for
Nchwaning ore, in the majority of experiments the reduction was not completed at
800°C. Temperature profiles from reduction of each ore is shown in Figure 2-12. At
the onset of exothermal reactions (around 30 min reduction time) a substantial
increase in the temperature for Comilog ore is observed. The reduction rate is
increased due to the higher temperature until the ore is mostly reduced.
Nchwaning ore shows a small temperature increase at the same point in time and
the accompanying increase of reduction rate is several orders of magnitude lower
compared to Comilog. Several investigations have reported this phenomenon

during reduction of oxidized ores37:4287:92,94,100
1200
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Figure 2-12: Measured temperatures in Assmang (=Nchwaning) and Comilog during reduction. From
Larssen et al. %

The exothermal effect on the temperature of experiments may partly
explain why oxidized ores often are more reactive compared to semi-oxidized ores
that has been reduced under the same conditions, despite that approximately
twice the amount of oxygen needs to be removed from the oxidized ores to
convert them to MnO. The exothermal peak has been seen to occur at lower
temperatures for smaller particle size fractions®1%, smaller particle sizes give a
higher peak temperature compared to larger particles of the same ore*>'®, and,
highly reactive ores have a higher peak temperature compared to less reactive
ores with the same particle size distribution (Figure 2-12)%.

Larssen et al.’? found that the exothermal peak initiated around 580 °C for
the reduction of Comilog ore in the particle size fraction 11.2-15 mm. The
magnitude of the exothermal peak decreased with decreasing heating rate and
with increasing CO content in the reducing gas. This was due to that more MnO;
had been reduced prior to the onset temperature of the exothermal peak (580 °C).
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The same effect of heating rate on the exothermal peak was also observed in
Mukono et al.?’.

To summarize; increased temperature has been seen to improve the
reduction rate during isothermal reduction of both fines!®!, agglomerates®>®* and
lumpy ores”%, though the reduction rate may be retarded at high temperatures
due to sintering effects’®®’. High heating rates during non-isothermal reduction
lowers the degree of reduction compared to low heating rates**%7:921% and high
heating rates increase the temperature deviation caused by exothermal reactions
in oxidized (MnO,) ores®”*2,

2.4.3 Effect of particle size on prereduction

The particle size of the material influence the kinetics of reduction, and in general
smaller particles show higher reduction rates. In industrial production, a high
amount of fines can be detrimental for the furnace operation®*?%3, on the other
hand, the slower reduction of larger lumps negatively influences the carbon and
energy consumption.
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Figure 2-13: Shows the O/Mn ratio after non-isothermal reduction various final temperatures.
Bigrnstad et al?%%: 3 °C/min in a 70% CO 30 % CO, atmosphere (hollow and filled symbols).
Sukhomlinov and Tangstad®¢: 6 °C/min in a 80% CO 20 % CO, atmosphere (half filled symbols).
Original O/Mn ratio is also included (values at 25 °C)?#%8. The final O/Mn ratio is lower for smaller
particle size fractions.

Increased reduction rate with decreasing particle size has been reported by
several authors when reducing different particle size fractions of ore fines (< 1
mm)364101-103 = and  Jump ores**7086:9457.98100  Korl04 ghserved an increased
reduction rate with decreasing size of synthetic pellets with diameters in the range
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0.6-8 mm. In addition to the improvement of oxide reduction with decreasing
particle size, Sukhomlinov and Tangstad® observed that the decomposition of
carbonates was independent on particle size.

Pochart et al.*? observed that the reactivity of different ores decreased
with increasing particle size and that the reactivity of larger particle size fractions
were more influenced by higher heating rates.

Figure 2-13 shows the O/Mn ratio after non-isothermal reduction. It can be
seen that the O/Mn ratio of smaller particle size fraction is consistently lower than
that of the larger particle size fraction at each temperature. At 400 °C, most of the
reduction in Comilog ore has already occurred, whereas UMK and Nchwaning ore
still have a O/Mn ratio close to their original compositions.

Larssen et al.'® reduced Nchwaning and Comilog ore in the particle size
fractions, 0.5-1.36 mm, 3.33-4.00 mm, 11.2-15 mm, and 30-40 mm in CO/CO,
atmospheres. Decreasing raw materials size was found to correlate with lower
reduction temperature and increased reduction rate. Modeling revealed that the
reduction rate was proportional to the inverse median particle size.

The size of a particle determines the maximum distance of which the gas
must travel through the particle during reduction. In general, increasing particle
size will increase the influence of mass transfer on the overall kinetics®. Higher
heating rate gives less time for the particle to be reduced, thus it will amplify the
differences in reactivity as seen when reducing larger particles*2.

2.4.4 Effect of gas composition on prereduction

Reduction and decomposition in various gases or gas mixtures (i.e., CO, CO,, H,,
H,0, CH4, air, N2, and Ar) have been investigated. Reduction with CH,%%1057110,
H,*%8283111-113 "ayperiments where the driving force has been mediated by addition
of CO, and/or H,0?2332:37,42,53-55,67-70,77,78,87,97,99-101 gnd reduction in the presence of
solid carbon’>7687,92,103,114-118 has heen reported. Reduction with CHy is mainly done
at higher temperatures to produce alloy and has been covered in recent reviews
by Elliott et al.)*® and Cheraghi et al.®l. Studies using solid carbon is often
conducted at higher temperatures (above 1000 °C) where the prereduction
reactions are very fast, and thus poorly resolved. Reduction by solid carbon is
dependent on the oxidation of carbon by CO, to produce CO for reduction®!14~
116119 \which is slow at lower temperatures!?®12!, An example of this can be seen in
Figure 2-14 where the O/Mn ratio of Comilog ore after heating with and without
coal in rotary kiln is compared to ore reduced in a CO/CO, gas mixture. The AG®
values for reduction with C and CO in Figure 2-14 show that the driving force for
reduction with solid carbon is higher compared to reduction with CO, however, the
Boudouard reaction is not fast enough to establish the equilibrium driving force in
the gas mixture in this temperature range.
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Figure 2-14: O/Mn ratio of Comilog ore after heating without reductants, heating with coal and
reduced with CO33374453, Julia et al.**: 0-40 mm particles with and without coal for 45 minutes.
Kazdal et al.33: 5-20 mm particles with and without coal at 850 °C for 180 minutes. AG® for reduction
with C and CO is shown on the secondary axis. AG° values from HSC chemistry 9'8. Turkova et al.?’: 10-
15 mm particles in 70 % CO — 30 % CO2 for 78 minutes. Jesus and Tangstad>3: 9-15 mm particles in 70
% CO — 30 % CO2 for 78 minutes.

If ore is heated in inert or oxidizing atmospheres some changes may occur
depending on the composition of the ore. MnO,; and Mn,0; decomposes in air
(p02=0.21) at 455 °C and 931 °C, respectively, whereas Mns04 and Fe,0s are stable
to temperatures above 1400 °C (Figure 2-3). Carbonates in the ore may also
decompose, as previously mentioned (Figure 1-4). Different fractions of reducing
gas in a gas mixture, and type of reducing gas will also influence the kinetics of
reduction.

Synthetic and natural manganese oxides and hydroxides have been studied
in small scale (milligrams) TGA analysis in oxidizing and inert gases. Manganite
decomposes according to reaction (10) however the product oxide may oxidize or
decompose depending on the temperature and atmosphere. At 500-600 °C,
decomposition of manganite is according to reaction (10), and Mn;0s is seen to
further decompose to Mn304 at 800-900 °C!%2, The reduction of synthetic MnO; in
air and inert atmospheres commences at 550-600 °C, reducing stepwise through
the oxides eventually forming MnsO,4 at 950-1050 °C'?3. Synthetic MnsO4 and MnO
oxidizes to Mn,0s in air above 500 °C'%12% decomposing back to Mn3;0; above
1000 °C!3, In natural MnO,, a progressive weight loss was observed between 200-
580 °C due to decomposition of bound water and partial reduction??,

32



Different natural ores have also been investigated in inert gases on a larger
scale (g-kg). Oxygen measurements in the off-gas have shown that oxygen is
released from Comilog ore in the temperature range 300-800 °C3*°0°1, Fines (-
63um) has been seen to react at significantly lower temperatures compared to
larger particle sizes (> 5mm)®. In carbonate containing ores, CO; release has been
observed above 500 °C%°!, Higher heating rates correlate with higher
decomposition temperatures for both oxides and carbonates3*9%°1,
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Figure 2-15: O/Mn ratio and weight loss (open triangles) after heat treatment of ores to various
temperatures. Bigrnstad %%%8: 3 °C/min in synthetic air with 10-13.2 mm patrticles, solid and dotted
lines (O/Mn ratio and weight loss). Kazdal et al.33: 7.5 °C/min in N, with 5-8 mm, 10-12 mm and 18-20
mm particles, dashed lines. SA ore = unspecified South African ore.

Figure 2-15 shows the O/Mn ratio after heating ores non-isothermally to
different temperatures. The main reduction of the O/Mn ratio of Comilog ore
occurs above 500 °C. Comilog heated in N, (dashed lines) is seen to have
decomposed less compared to Comilog heated in synthetic air (solid lines), despite
that N, is expected to give a higher driving force for decomposition compared to
synthetic air (section 2.3). The heating rate in the N, experiments were 2.5 times
higher compared to the synthetic air experiments, giving the ore less time to
approach equilibrium.

The initial O/Mn ratio of Nchwaning, UMK and SA ore in Figure 2-15 is
between 1.4-1.5 prior to heating which is observed to increase slightly with
temperature up to 800 °C. Bigrnstad®**® observed a weight loss in all ores during
the heat treatment (Figure 2-15). For the UMK and Nchwaning ore, the oxidation
of hausmannite (0O/Mn=1.33) to bixbyite (O/Mn=1.5) will result in a weight
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increase, though there are other factors contributing to the observed weight loss.
Above 500 °C, carbonates®® and manganite!?>'?* will start decomposing,
contributing to the weight loss, in addition, UMK and Nchwaning were not dried
prior to the experiments®®® and any free moisture present would also contribute
to the weight loss. For Comilog ore, the weight loss is associated with bound water
and decomposition of higher oxides, and the weight loss behavior correlate with
the reduction behavior.

Julia et al.** heated Nchwaning and Comilog ore in a pilot scale rotary kiln
fired by gas. The O/Mn ratio of Comilog ore was reduced from 1.9 in the original
ore to 1.6 after heating to 728 °C, and the ore was seen to contain mostly Mn,0s
with minor amounts of MnO,. No reduction was found for the Nchwaning ore, as
the changes in Nchwaning ore were smaller than the variability in the original ore.

Mn;0; is the stable manganese oxide at 800 °C in air (Figure 2-3 and Figure
2-4, p0,=0.21). In general, MnO, decomposes and is mostly converted to Mn;0s as
the temperature approaches 800 °C. This constitutes approximately half of the
removable oxygen during prereduction of oxidized ores. A slight oxidation to O/Mn
=~ 1.5 in air has been observed for ores with lower initial O/Mn ratio in the same
temperature region and is in line with the equilibria and with observations from
synthetic materials.

Barner and Mantell*** studied the reduction of synthetic pyrolusite (MnO,)
fines (<0.22 mm) isothermally with H; in the temperature range 200-500 °C. Mn304
was the product below 250 °C and high diffusional resistance through the Mns;0,
layer was encountered with increasing temperature. Above 325 °C, the product
from reduction was MnO. Belgian Congo pyrolusite ore was seen to react
considerably faster compared to the synthetic pyrolusite. In De Bruijn et al.''?
(fines < 0.13 mm), a more porous material was investigated , and the dense Mn304
layer encountered by the former investigation was not observed. At 275 °C, MnO;
was converted directly to Mn30,4 followed by the relatively slower reduction of
Mn30s to MnO. At 325 °C, MnO, was reduced to Mns0s which immediately
changed to MnO whereas at 400 °C, only MnO; and MnO was observed. When
investigating the individual reduction steps, it was found that the reactivity was
influenced by the method of preparation of the intermediate oxides (reduction,
oxidation, decomposition, calcination), even though the samples originated from
the same ore!'3, Zaki et al.»® used H, to reduce synthetic MnO, in non-isothermal
experiments (20 mg samples) and found that MnO; was reduced to MnO without
the formation of stable intermediaries. This was also seen in a later study by Zaki
et al. in reduction with CO gas'®.

Reduction in CO/CO, gas mixtures with varying CO content has been
investigated by several researchers, and increasing CO content is seen to improve
the reduction rate’%86:99-101126 g, khomlinov and Tangstad® also observed that the
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rate of carbonate decomposition decreased with increasing CO, content, and that
increased CO; content increased the carbonate decomposition temperature.
Larssen et al’® observed that the reduction rate was proportional to the input CO
partial pressure with order 0.7 and 1.5 for Comilog and Nchwaning ore
respectively. The results were consistent for multiple particle size fractions (0.5-
1.36 mm, 3.33-4.0 mm and 11.2-15 mm). Gao et al.?®* found that the reaction was
first order with respect to CO content when reducing ore fines (<1mm).

Addition of H, to CO/CO, gas mixtures has been seen to improve the
reduction rate og manganese ores'?1?’. Ngoy et al.'?® reduced Comilog and
Nchwaning in CO/CO; and CO/CO,/H, gas mixtures with similar oxygen partial
pressures and observed that the addition of H, improved the reduction rate by 20-
30 %. Larssen and Tangstad'?’ investigated the same ores in CO/CO,, CO/CO,/H,
and CO/COy/H,0 atmospheres, adjusting the compositions such that the oxygen
partial pressures were equal at 800 °C. Both H, and H,0 promoted the reduction of
Comilog ore due to the water-gas-shift reaction, though the improved reduction in
the presence of H,O did not occur below 430 °C. H, was seen to promote the
reduction of Nchwaning ore. Carbon deposition occurred above 400 °C during
reduction of Nchwaning ore.

Kononov et al.'!® observed that the carbothermal reduction of MnO
proceeded at a higher rate in helium compared to argon due to the increased
diffusion coefficients of CO and CO; in helium. The rate was further improved
when hydrogen was present due to its involvement in the reduction process. The
same observation was made by Eom and Min!'” where the rate of manganese
carbide formation was correlated with the CO gas diffusivity. It was concluded that
the improved reaction rate in the presence of H, was caused by CH4 produced in
the reaction between H, and C. Hashizume!?® observed CH, formation in
carbothermal reduction in the presence of hydrogen. The CH,4 started forming
above 800 °C, peaking at 1050 °C. High activity of the carbon dissociated from CHa
was the reason for the improved reduction in the presence of H..

2.4.5 Summary of influences on kinetics of prereduction

The wide stability range of MnO shows that the reduction of higher manganese
oxides is a matter of kinetics rather than thermodynamics. The exception is in ores
with high iron contents, where higher oxides may be stabilized due to lower
activity in solid solution. This effect is also seen in the case of iron oxides, where
lowered activity causes stabilization of FeO in different phases depending on the
overall chemical composition. Iron alone may be stable as metal or different oxides
depending on the reduction potential of the atmosphere. Solid carbon establishes
a higher driving force compared to CO above 700 °C, however slow kinetics makes
it unsuitable as a reductant at low temperatures. Smaller particle sizes, higher
reducing gas content, increased porosity and higher temperatures all increase the
reactivity of manganese raw materials. Smaller particles may adversely impact
furnace stability, making it less suitable for industrial production. Higher
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temperatures give higher reaction rates until sintering occurs, and higher porosity
improves reactivity. High reducing gas content improves reactivity, but also risks
carbon deposition, particularly when CO and H; are combined in high
concentrations. Increased diffusivity in the reducing gas by introduction of He or H,
improves the kinetics, and reduction in the presence of H, and C may result in
formation of CH4, which in turn established a high driving force and improves
reduction. Metallic iron was observed in samples reduced above 900 °C in H; but
not in samples reduced non-isothermally to 1100 °C in CO/CO; mixtures, indicating
that H, improves the reduction of iron oxides, as seen in iron ore reduction.
Decomposition of carbonates improves porosity and the content of MnO;
increases temperatures due to high exothermicity.

2.5 Decrepitation and disintegration

It has been shown previously that the particle size affects reactivity of ores. The
particle size range prior to experiments or industrial production is often known,
though the particle size during and after heating and reduction is not always
reported. Obtaining information about the particle size evolution during
experiments is not trivial due to the nature of reduction experiments, but it may
be measured after the conclusion of the experiment. The
decrepitation/disintegration behavior during heating and reduction is of interest
since it affects the particle size of the material. If the particles break in the early
stages of reduction, reactivity is measured on a smaller particle size fraction than
intended, increasing the perceived reactivity. In industrial production, a high
amount of fines in the furnace can be detrimental to furnace operation*>*,
Knowledge about the mechanisms and behavior of different ores may be used to
improve the utilization of fines in the furnace. Is should be possible to utilize a
higher proportion of fines from an ore that decrepitates less without adverse
effects on charge permeability and furnace performance.

Different approaches are utilized for determining the decrepitation
behavior of manganese ores and different measures of decrepitation is used.
Figure 2-16 shows an overview over different approaches used in literature. The
decrepitation behavior has been studied by heating ore in inert- or reducing-
gases, without or after tumbling and with tumbling in a rotating kiln at high
temperature. Decrepitation is assessed by the difference between the input and
output particle size distribution. Most commonly, the decrepitation is given as the
wt % of material above or below a certain sieve size, e.g., the lowest sieve size of
the initial particle size fraction, a specific fraction based on standard methods, or a
sieve size based on the definition of fines, though there does not seem to be
consensus in the literature regarding the definition of fines. Some authors use a
stack of sieves, determining the size distribution to get higher resolution data.
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Figure 2-16: The measure of decrepitation is taken from some measured difference in particle size
distribution. Several influences on decrepitation have been investigated in literature.

Several investigations were conducted where samples were heated to
different temperatures in a reducing atmosphere consisting of 70 % CO and 30%
CO; followed by tumbling and sieving®3°4%, The diameter and depth of the
tumbler was 200 mm and 100 mm respectively and it had four lifters (100 mm x 16
mm x 4 mm). Tangstad et al.?® investigated Nchwaning ore, Mamatwan ore and
Comilog ore and sinter after heating in reducing atmosphere to 1100 °C. Comilog
ore decrepitated the most, which was explained by its higher porosity compared to
the other materials. Decrepitation decreased with decreasing porosity of the raw
materials, and the porosity increased with the degree of reduction, i.e., the least
porous and least reduced materials has the highest mechanical strength. Visser et
al.2 investigated Nchwaning ore and Gloria ore up to 1100 °C, while Bigrnstad®*®
investigated Comilog, Nchwaning and UMK ore up to 400 °C, 600 °C and 800 °C.
For these investigations, tumbling was done for 30 min at 40 rpm. The
decrepitation, displayed as remaining material larger than 4.75 mm, is shown in
Figure 2-17. It can be seen that decrepitation increases with increased reduction
temperature for all ores. UMK and Gloria ores originate from the same ore body
and is thus assumed to behave similarly. Comilog ore decrepitates the most, and
the carbonated UMK and Gloria ores decrepitates the least, which is in agreement
with the findings in Tangstad et al.*®. It is also seen that the increased
decrepitation after tumbling is highest for Comilog ore, which is the most porous
ore in the investigation.
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Figure 2-17: The decrepitation of various ores measured as the weight fraction above 4.75 mm after
heating in a 70 % CO — 30 % CO, atmosphere to different temperatures. Error bars, indicating the
standard deviation, is added where multiple measurements were made. Data from Visser et al.?3 at
1100 °C with initial particle size 10-14.7 mm and 10 °C/min heating rate. Data from Bigrnstad®*8 up
to 800 °C with initial particle size 10-13.2 mm and 3 °C/min heating rate. Hollow symbols indicate the
decrepitation after heating/reduction before tumbling, filled symbols are after tumbling.

Tangstad et al.>* measured the mechanical strength after reduction for of
lump ore, briquettes and pellets from two oxidized ores, ore A and ore B. Sinter
from ore A was also investigated. The heating and tumbling procedure was
identical to that in Visser et al.?>. Two indices were calculated; The Cohesion index
(CI), defined as the quantity of material in the original size range after tumbling (>
6.3 mm for pellets, > 4.3 mm for ore A and > 10 mm otherwise) and the Thermal
stability index (Tl) defined as the quantity of material > 1.6 mm after tumbling. The
Thermal stability and Cohesion indices can be seen in Table 2-6. There is a negative
correlation between porosity and the cohesion and thermal indices; Pellets have
the highest cohesion and thermal stability and lowest porosity while briquettes
have the lowest cohesion and thermal stability and the highest porosity. Sinter (A)
have a higher cohesion and thermal stability compared to lump ore, while the
porosity is lower.
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Table 2-6: Cohesion (Cl) and thermal (Tl) indices for materials based on two oxidized ores >4

Ore Material cl Tl Porosity [%]
Lump ore 29 61 22.6
A Sinter 35 80 17.7
Pellets 94 96 11.9
Briquettes 0 30 24.3
Lump ore 14 64 18.5
B Pellets 96 92 4.68
Briquettes 0 31 22.2

Biswas et al.'®® investigated decrepitation by experiments and modelling.

The experiments were conducted heating an Indian low-grade ore with a particle
size range of 6-10 mm in a setup purged with nitrogen. Decrepitation was caused
by evaporation of water from moisture and from hydrated minerals causing stress
and rupture within the particles (100-500 °C) and change in crystal structure
caused by the volume change during decomposition of tetragonal MnO; to cubic
Mn,0s3 (500-700 °C). In addition, phase transformation causing stress between the
parent matrix and the nucleated phase caused cracks in the interface between the
phases. Increased heating rate increased decrepitation due to higher stress caused
by a higher thermal gradient. The decrepitation increased with temperature,
holding time and with introduction of a static load.

Faria et al.??2 tested the decrepitation behavior of Azul, Urucum, Morro da
Mina and Wessel manganese ores by applying the standard decrepitation test for
iron ores!°, Samples of 0.5 kg manganese ore were placed in a pre-heated oven at
700 °C for 30 min followed by screening at 6.3 mm, 3.35 mm, 1.18 mm and 0,5 mm
mesh screens. The tests were done on moist (as received), dried (105 °C) and heat
treated (200 °C for 48 hours) samples, with particle size range commonly used in
ferroalloy plants (6.3-19 mm)?%. Mineralogical characterization and chemical
analysis were done to classify the ores. The prevailing phase in the ores from Azul
and Urucum was cryptomelane. Azul ore contained higher amounts of hydrated
minerals (e.g., todorokite, gibbsite) compared to Urucum ore. Morro da Mina ore
consisted mainly of carbonates (rhodochrosite) and silicates (e.g., spessartine)
while the main phases in Wessels ore were braunite, bixbyite and dolomite. The
silicate-carbonate ore from Morro da Mina showed little decrepitation (l.63mm = 0.4
%), while the dried samples from Azul, Urucum and Wessels obtained a
decrepitation index (l.s3mm) of 6 %, 10 % and 12 % respectively. Moist samples
decrepitated more, and heat-treated samples decrepitated less compared to dried
samples showing that moisture contributes to decrepitation. The ores responded
differently to the drying and heat treatment. Among the ores, Urucum showed the
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highest influence from water content; The decrepitation indices were highest for
the moist samples and among the lowest for the heat-treated samples compared
to the other ores in the study. Azul ore decrepitated less compared to Urucum ore
which is unexpected since Azul ore has a higher content of hydrated minerals®..
However, Azul ore has a higher total pore volume and larger average pore
diameter, indicating that porosity may act as an internal pressure relief. Apart from
Morro da mina ore, that showed almost no decrepitation, Wessels is least
influenced by water content and is also the least porous ore??.

Similar to Faria et al.?2, Moholwa et al.’® used the iron ore decrepitation
standard 1% to test two different South African manganese ores. The decrepitation
index of the ores (l.s.3mm) Was found to be 13 % and 10.8 % for Ore #A and Ore #B
respectively. The chemical analysis of the ores indicates that Ore #A is a
carbonated ore whereas Ore #B is a semi oxidized ore similar to Wessels (see
section 2.2).

In Larssen®33, the decrepitation behavior of Nchwaning and Comilog ore
after reduction was investigated. The bulk of the experiments were conducted
with a 6 °C/min heating rate to different temperatures. A few experiments were
also conducted using other heating rates (3 °C/min and 9 °C/min). Decrepitation
was found to be mainly a function of the extent of reduction. Similar extent of
decrepitation was observed even though different gas mixtures were employed,
and no significant differences were observed during dilution of ore with quartz to
suppress the exothermal peak temperature in Comilog ore.

Reiersen®? investigated the decrepitation after reduction of Nchwaning,
Comilog and UMK ore in 70 % CO — 30 % CO,. Samples were reduced employing
heating rates of 3 °C/min, 6 °C/min, and 9 °C/min up to 1000 °C. Nchwaning ore
tended to produce fines when it decrepitated, whereas UMK tended to crack into
larger particles. Comilog was found to decrepitate the most, and UMK to
decrepitates the least of the three ores, which is in line with the findings in
previous investigations?3%%4%(Figure 2-17).

Both Larssen?®® and Reiersen® observed that the decrepitation of Comilog
ore decreased with increasing heating rate (3,6 and 9 °C/min). This is unexpected
considering the findings in Biswas.'?®, where increased heating rate was found to
increase decrepitation due to increased thermal stresses. However, Faria et al.?2
observed that the decomposition of hydrated minerals had a lower effect on
decrepitation in the ores with highest porosity. Hence, it may be the case that
Comilog ore is less susceptible to decrepitation by thermal stresses due to its high
porosity. Larssen'®® inferred that the decreased decrepitation with increased
heating rate for Comilog ore was due to increased susceptibility towards
decrepitation during reduction at lower temperatures. Bigrnstad®*®® found that
less than 2 wt% of Comilog was below 3.35 mm after heating in air to 800 °C even
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though all MnO; had decomposed to Mn,0s, changing the O/Mn ratio from 1.93 to
1.49, i.e. half of the oxygen down to MnO was removed. For comparison, 36 wt%
of Comilog ore was below 3.35 mm using the same heating program with reducing
gas (O/Mn = 1.04). Hence, the decrepitation of Comilog ore seem to be associated
with the reduction of Mn;03 and Mn30,.

Figure 2-18 shows the decrepitation, displayed as the wt% of material above
3.35 mm after experiments, as a function of the final O/Mn ratio from the
investigations of Larssen!®, Bigrnstad®*®® and Reiersen®. It can be seen that
Comilog decrepitates more than Nchwaning and UMK. Increased heating rate is
associated with less decrepitation for Comilog but more decrepitation for UMK.
The effect of heating rate on Nchwaning ore from these results are inconclusive.

¥ Comilog O 3 °C/min Bigrnstad (2019,2020)
B Nchwaning ® 6 °C/min ® Llarssen (2020)
®* UMK © 9°C/min ® Reiersen (2021)
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Figure 2-18: The wt% larger than 3.35 mm after reduction in 70 % CO- 30 % CO; as a function of O/Mn
ratio. The initial particle size in Bigrnstad®*%, Larssen'33,and Reiersen®? were 10-13.2 mm, 11.2-15
mm and 10-12.5 mm, respectively. .

Moholwa®®* investigated the decrepitation of three carbonated South
African ores in air during tumbling at 600 °C, 800 °C and 1000 °C in a rotary kiln.
The decrepitation was seen to increase with increasing temperature, with
increasing rotational velocity and with decreasing initial particle size range. The
effect of temperature was correlated to the decomposition of kutnohorite above
600 °C and to decomposition of calcite above 800 °C. The total amount of
carbonates in the different ores was positively correlated with decrepitation.
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Bigrnstad®* % also investigated the decrepitation using two different particle
size ranges (10-13.2 mm and 3.35-6.7) of Nchwaning, Comilog and UMK ore. For
UMK and Nchwaning ore, the decrepitation, assessed as wt % < 3.35 mm, was
higher for the smaller particle size range. This is consistent with the results from
Moholwa®** and is reasonable since less particles will have to break in the smaller
size range compared to in the bigger size range in order to increase the fraction of
material below 3.35 mm. For Comilog ore, Bigrnstad®*®® observed that the larger
particle size range decrepitated more upon reduction compared to the smaller
particle size range. Similar degrees of reduction were observed for both cases

Faria et al.®® investigated the disintegration of Urucum ore upon heating in
air and nitrogen followed by tumbling. The measure of disintegration was defined
as wt.% of material below 6.3 mm. There was no significant difference between
the sample heated in air and the samples heated in nitrogen and no significant
difference between samples heated to 500 °C and 700 °C. The fines generation up
to 700 °C was mainly due to elimination of structural water whereas at 1000 °C,
disintegration was increased due to decomposition of cryptomelane and pyrolusite
as well as partial decomposition of Bixbyite.

In Faria et al.®*, disintegration of Azul ore and pellets (11-13 mm) was
investigated and Faria et al.’3” investigated disintegration of Morro da Mina ore.
The experimental work was similar to that in Faria et al.13®> except for the use of a
higher heating rate in the latter works. Additional tests were done in 99.5 %
C0O/0.5% N, gas at 1000 °C for Azul ore and pellets and Morro da Mina ore.
Selected results are shown in Table 2-7, where it can be seen that increased
temperature increased decrepitation in Air and N,, and samples reduced in CO
decrepitated more than samples heated in Air and N; for the same temperature. In
addition, tumbling is seen to have a higher influence on decrepitation for the
carbonate ore (Morro da Mina) compared to the pellets and the oxidized ore
(Azul).

Table 2-7: Weight % of samples passing through a 6.3 mm sieve. Samples heated and held
isothermally for 1 h. Measured after 0 min and 30 min tumbling. Data from 135137

Wt.% < 6.3 mm H‘::'e"g No | oo 00ec 1000 °C
! X
[%] [°¢/min] heating
Atmosphere Air/N, Air/N> 99.5% CO (2/5/15 I/min)
Tumbling [min] 30 0 30 0 30 0 30
Urucum ore 10 1 6-8 7-10 17-19 37-40 - -
Azul ore 25 2,2 ; ; 11 24 16/16/13 21/22/19
Azul pellets 25 03 ; - 006 0.6 0.84/1.4/0.90 1.5/2.1/15
MO”OO‘:Z Mina 25 0.7 ; ; 9.8 21 14/14/11 24/25/20
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Decrepitation is influenced by phase transformations taking place in the
ores. Decomposition of higher oxides or Braunite will give volume changes that
induces internal tensions in the particle that can create cracks and cause crack
propagation??122131135  Decomposition of carbonates is associated with a higher
volume change compared to the oxides (Table 2-7) causing a substantial increase
in porosity that decrease the ores mechanical strength which increases the level of
decrepitation, particularly after tumbling. This effect may explain why the
carbonated ore in Moholwa et al.®*2 shows a higher decrepitation index compared
to the semi-oxidized ore. Table 2-8 shows the changes in molar volume of the
solids for decomposition of oxides and carbonates.

Table 2-8: The change in molar volume in the solids for decomposition of carbonates and oxides. Data
from HSC chemistry 18,

Reaction AV [m3/mol]
CaC0O3 = Ca0 +CO, 20.1
MgCOs = MgO +CO, 16.4
MnCOz = MnO +CO, 17.9
MnO; = 1/2 Mn,03 +1/4 O, -0.86
1/2 Mn;03=1/3 Mn304 + 1/12 O, 10.7
1/3 Mn3O4=MnO+1/3 0, 7.65
1/2 F6203=1/3 Fes04 + 1/12 0, 1,86
1/3 Fes04=Fe0+1/3 O, 8,86

The less porous carbonated ores (Mamatwan, UMK and Gloria) has a higher
strength compared to the porous oxidized Comilog ore?*3%9%94% The same trend
can be seen in the decrepitation experiments by Faria et al.22 where Morro da
Mina (carbonated, non-porous) decrepitated the least. This was not the case after
reduction and tumbling (Table 2-7) where the disintegration of Morro da Mina'*’
was similar to Azul (oxidized, porous)'®*. This discrepancy may be due to higher
degree of decomposition of carbonates in Morro da Mina ore compared to
Mamatwan and Gloria ore. Decomposition of carbonates is associated with a
substantial change in molar volume (Table 2-8), increasing the porosity of the
particles. The carbonates in Morro da Mina ore is mostly Rhodochrosite (MnCOs)
which decomposes at a lower temperature compared to Calcite (CaCOs) and
kutnohorite (CaMn(COs),), that are the main carbonate phase in Gloria®* and
Mamatwan ore?® respectively. Hence, the increase in porosity due to carbonate
decomposition for Morro da Mina will be higher. This observation is consistent
with the findings from Moholwa®**, who observed decrepitation associated with
the decomposition of kutnohorite at lower temperatures, and increased
decrepitation at higher temperatures associated with the decomposition of calcite.
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As seen in Tangstad et al.®® and Tangstad et al.>%, there is a negative
correlation between porosity and mechanical strength. The same correlation is
seen in the results from tumbling of unheated ores (Table 2-7) where the fines
generation is higher for the ores with higher porosity?2.

Jesus and Tangstad® pressed briquettes from Urucum ore tailings using
three different top sieve sizes of 2.0 mm, 1.0 mm and 0.250 mm. The briquettes
were 10 mm in diameter and minimum 10 mm high. Three batches were made
using bentonite, molasses, and molasses + coke respectively. Lump ore >9.5 mm
was used for comparison. The samples were reduced in 70 % CO/30 % CO, with a
heating rate of 10 °C/min to 1100 °C. Decrepitation was measured as the wt% of
reduced material retained in a 9.5 mm sieve. For the briquettes made with
molasses and with bentonite, more than 98 % was retained on a 9.5 mm sieve,
compared to 86 % and 58 % for composite pellets and the lump ore, respectively.

Heat treated materials (sinter and pellets) show a lower tendency for
disintegration compared to lump ores3>°*13%, As mentioned previously, mechanical
strength decreases with increasing porosity but in addition, moisture (free and
bound) will evaporate and higher oxides decompose during heat treatment, hence
there will be less influence from water content and phase transformations to the
disintegration of these materials.
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3 Materials and method

Manganese ores were crushed and sieved, reduced and analyzed with different
techniques. The main result from the experiments is the weight loss curve, which
in conjunction with the measured temperature, off-gas analysis and subsequent
chemical analysis reveal how the ores behave under different conditions. In this
section, the details regarding the specific materials, experimental procedures and
analyses will be presented.

3.1 Raw materials

Nchwaning ore and Comilog ore was obtained from industry. The ores were
crushed and sieved and the 9.52 — 15 mm fraction was selected for the
experiments. The material was split with a riffle splitter to batches of
approximately 800 g material. Prior to the experiments, the batches were dried
until constant weight at 105 °C to remove any moisture before it was split into
smaller samples by the cone and quartering technique. Individual particles were
randomly removed from each sample to achieve the desired sample weight.
Comilog ore was diluted with an equal amount of quartz to reduce the exothermal
superheating described in the literature review. The Nchwaning experiments were
run with 150 g ore, whereas the Comilog experiments were done with 75 g ore and
75 g quartz to keep the total sample weight similar for both ores. The height of the
sample material in the crucible was 4 — 4.5 cm for Nchwaning ore and 6.5 — 7 cm
for the Comilog/Quartz mixture, and each type of sample is shown in Figure 3-1.
Some experiments were conducted using only quartz as an inert material to
establish the influence from the furnace itself on the results. After the
experiments, the samples were sieved in 9.5 mm, 6.7 mm, 4.75 mm 3.35 mm and
500 um sieves to determine the decrepitation. One quarter of each sample was
split out for chemical analysis.

(a) (b)

Figure 3-1: (a) 150 g Nchwaning ore and (b) 75 g Comilog ore and 75 g quartz.
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3.1.1 Nchwaning ore

Nchwaning ore is a high grade Wessels type ore originating from the Kalahari
manganese field in South Africa®-°®. It consists mainly of Braunite (I and l1), bixbyite
and hausmannite, and has a low carbonate content. Initial experimental results
revealed unexpected variance between parallel experiments, and a high variation
was observed in the chemical analysis. For these reasons, an increased number of
samples were analyzed, and parallel experiments were conducted in a large
proportion of the experiments.

Three samples of unreduced material (150 g) were selected for chemical
analysis and the results can be seen in table I. The O/Mn ratio can be calculated
from the reported MnO, and is found to be 1.50 + 0.01. All excess oxygen above
MnO is reported as MnO,, however MnO; is not necessarily present, as in the case

of Nchwaning ore, where O/Mn=1.5 corresponds to Mn,0s.

Table 3-1: Shows the mean and standard deviation (s) from chemical analysis of three unreduced
Nchwaning ore samples. The analysis was done by SINTEF Norlab.

Unreduced sampls (n=3)

mean S

Mn 48,66 3,25
Fe 8,75 2,42
Si0; 4,38 0,23
Al,03 0,42 0,11
ca0 5,93 0,61
MgOo 0,57 0,31
P 0,024 0,003
s 0,157 0,032
TiO, 0,01 0,01
K20 0,00 0,00
BaO 0,57 0,17
MnO," 38,75 1,97
CO* 2,5 0,5

"Titrimetric *Combustion IR

The content of the different elements is concentrated during reduction
due to removal of matter (i.e., O, H,O and CO,). Manganese and iron is not
removed during reduction, thus their ratio is constant and may be used as an
indication of the heterogeneity of the ore. Figure 3-2 shows the Mn/Fe ratio from
chemical analysis of the reduced Nchwaning samples in addition to the average
Mn/Fe ratio. The difference between the average Mn/Fe ratio determined by
three unreduced samples and the one determined by all the reduced samples is
0.03 %, hence the results from the three unreduced samples are representative for
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the ore. It can however be pointed out that the Mn/Fe ratio is varying from about
2 to 9 and that the standard deviation is 27 %.
12
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Figure 3-2: Heterogeneity of Nchwaning ore represented by the Mn/Fe ratio. Mn/Fe ratio of reduced
samples of Nchwaning ore (circles) and the average Mn/Fe ratio. There is a 0.03 % difference between
the average Mn/Fe ratio determined by the three unreduced samples compared to the ratio
determined by all samples. Standard deviation is 27.3 %.

The possible sources of weight loss during the experiments are due to
reduction of manganese and iron oxides in addition to decomposition of
carbonates and manganite. Based on the analysis of the unreduced samples in
Table 3-1, the theoretical weight loss from the reduction of the manganese and
iron oxides in Nchwaning ore was calculated and is shown in Table 3-2. Although
there is a small proportion of carbonates in the ore (2.5 +-0.5 % CO) it accounts
for a disproportional part of the weight loss if all CO; is removed, thus insight into
the decomposition during the experiments is necessary to properly describe the
reduction of oxides. Manganite (MnOOH) in the ore will decompose to Mn,0; and
H,0, also contributing to the weight loss. Manganite in the range 1-8% has
previously been reported in Nchwaning ore?*’13 implying a weight loss of 0.1-
0.82 % by H,0 by decomposition, which was not included in Table 3-2.

Table 3-2: Contribution to the weight loss [%] from carbonates, manganese oxides and iron oxides.
Calculated based on the chemical analysis of the unreduced samples shown in Table 3-1. Me =Mn, Fe.
The influence of the weight loss on the fractional conversion (a) is also included. Numbers in
parenthesis indicate the influence if carbonates decompose.

Weightloss [%] Mn Fe Sum a
(Carbonates — C0,) - - 0% (2.5 %) 0.00 (0.23)
Me,05 » Me30, 2.4 % 0.43% 28% 0.33(0.26)
Me3z0, » MeO 4.7 % 0.84 % 56% 0.66 (0.51)
Total 71% 13% 8.4 % (10.9 %) 1
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The fractional conversion, a, is defined in equation (11) where wp is the initial
weight and w(t) is the measured weight as a function of time. w, is the weight of a
fully reduced sample and is here set to 10.75 %, corresponding to the highest
weight loss achieved in reduction of Nchwaning in this work. The fractional
conversion based on the sources of weight loss is also included in Table 3-2.

gz~ w(t) (11)
Wo — Wy

XRD of the unreduced ore (Figure 3-3) reveals braunite
(3(Mn,Fe),03:MnSi0s), braunite Il (7(Mn,Fe),05-CaSiOs) and bixbyite ((Mn,Fe),0s)
as the major manganese containing phases. These phases correspond to
manganese in the Mn3" state (Mn,0s), which is consistent with the chemical

analysis. Bixbyite, braunite and braunite Il have many overlapping peaks as seen in
Figure 3-3, but may be qualitatively distinguished based on the minor peaks®°.
Hematite (Fe;03), manganite (MnOOH), hausmannite (Mns0.) and calcite (CaCOs)

are also identified in the diffraction pattern.
®

I
’ Braunite

Braunite II
Bixbyite
Hematite
Hausmannite

Manganite

=x+H*0 0

Calcite

Intensity [a.u.]

207[]
Figure 3-3: X-ray diffraction spectrum of unreduced Nchwaning ore.

3.1.2 Comilog ore

Comilog ore is an oxidized ore containing a variety of manganese containing
phases such as pyrolusite (MnO,), ramsdellite (MnQ,), cryptomelane (KMngOjis),
nsutite (Mn:1xMnsO2,0OH2,) and lithiophorite ((Al,Li)MnO2(OH),), all which are
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close to MnO, (=Mn 4+)%7°73 The chemical analysis is given in Table 3-3, where
the MnO, content yields an O/Mn ratio of 1.91, revealing that a small fraction of
manganese is at a lower oxidation state, i.e., in the lithiophorite and nsutite.

Iron is found in goethite (FEOOH) and hematite (Fe;0s). Goethite will
decompose to hematite and water according to equation (12)*%'%, thus all iron
may be considered to be hematite when calculating the theoretical weight loss
from oxides.

2Fe00H = Fe,05 + H,0 (12)

Evaporation of water constitute a significant source of weight loss in
Comilog ore and several of the identified phases also contain bound water (i.e.,
Nsutite, Goethite and Gibbsite). Nsutite releases structural water between 120 °C
— 400 °C ! and goethite decomposes to hematite and water between 210 °C — 350
°C!2 which is in line with previous observations from manganese ores that found
that hydrated minerals decompose in the temperature range 100 °C — 500 °C 2>12°,

Table 3-3: Chemical analysis of unreduced Comilog ore.

Mn 51.4
Fe 3.58
SiO, 3.31
Al,0; 5.11
Cao 0.05
Mgo 0.13
P 0.14
S 0.007
TiO, 0.12
K20 0.8
BaO 0.25
MnO," 74.26
co,* 0.15

*Titrimetric *Combustion IR

Table 3-4 shows the contribution to the weight loss from reduction of
oxides and evaporation of water, in addition to the impact on the fractional
conversion for each stage. The water content was estimated to be 4.9 % from the
experimental data, which corresponds to 26 % of the total weight loss of Comilog
ore. This is similar to previous studies that have identified 4.9-6.5 wt% bound
water in Comilog ores 3%7°,
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Table 3-4: Shows the contributions to the theoretical weight loss of Comilog ore based on chemical
analysis and reported values for bound water content. Me =Mn, Fe. The influence of the weight loss
on the fractional conversion (a) is also included.

Weightloss [%] Mn Fe Sum a
H,0 - H,0(g) - - 4.9 0.26
Me0, - Me, 05 6.2 - 6.2 0.32
Me,03 - Me30, 2.5 0.2 2.7 0.14
Me;0, > MeO 49 0.3 53 0.28

Total 13.7 0.5 19.1 1

Since Comilog ore is known to display a high temperature increase during
reduction #>7%%, an equal amount of quartz (by mass) was mixed with the ore to
reduce the excess temperature caused by the exothermic reactions. This approach
has been utilized previously in non-isothermal reduction of Comilog ore®#133

At one point during the Comilog campaign, it was observed that the
sample temperature increased after the reduced samples were removed from the
crucible. This was believed to occur due to oxidation of the samples and efforts
were made to quantify any weight increase by directly emptying the sample onto
the external scale. The samples heated rapidly, and this approach did not yield
trustworthy data. Hence, for the remaining experiments, the sample was left in the
crucible to cool in Ar gas. When the sample temperature was below 25 °C,
synthetic air was introduced, and the temperature and weight increase was
measured.

3.2 Apparatus

The experiments were conducted in a thermogravimetric (TG) setup. The setup
consisted of a vertical resistance furnace (Entech VTF 80/15), the position of which
can be adjusted vertically to surround the crucible. The crucible is made of high-
temperature stainless steel (steel grade 253 MA) and was suspended in a balance
(Mettler Toledo PR2003DR) to record the weight changes continuously throughout
the experiment. Figure 3-4a shows a sketch of the crucible where it is seen that the
gas passes through the double wall where it is preheated prior to interaction with
the sample. The gas inlet and outlet are connected to the crucible by flexible
synthetic rubber tubing, as can be seen in Figure 3-4 (b and c), and a thermocouple
in an alumina tube is positioned such that the tip is in the center of the sample
material (Figure 3-4 a and c). Figure 3-4 b and c show the crucible when the
furnace is in its upper and lower position, respectively. Multiple gases can be used,
and there are separate mass flow controllers for each gas (Bronkhorst F-201C). Ar,
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CO, CO,;, and H, with purity of 99.999%, 99.97%, 99.9992%, and 99.9%,
respectively, were used in the experiments. Synthetic air containing 21 % O, and
79 % Nz was used in some experiments. The gases are mixed before entering the
crucible.

- Gas outlet

Gas inlet = .y

‘ g
Crucible — Thermoco

M.
~] ‘ F
T Thermocouple v
Ore _
he (74

Crucible
L

|

Gas Out

Gas In

(b) (c)

Figure 3-4: (a) Sketch of the crucible; (b) top view of the crucible when the furnace is in its upper
position. Gas inlet and outlet is indicated; (c) Side view of the crucible when the furnace is in its lower
position. Inlet and outlet gas, crucible and thermocouple input has been indicated.

The CO and CO; content of the off-gas was measured by infrared
absorption (Uras 26, ABB). The gas exiting the crucible is run through wash bottles
containing water to avoid uncontrolled condensation and to achieve a consistent
temperature in the off-gas analyzer. The sample temperature, off-gas analysis and
weight loss were continuously recorded. The sample weight was measured on an
external scale (Ohaus Pioneer PA4202) before and after the experiments.
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3.3 Temperature

To assess the temperature stability in the crucible, an experiment was done with
quartz in Ar where the thermocouple was placed 0 cm, 5 cm and 10 cm from the
lowest position (bottom position of the sample) and kept until the temperature
was stable, 10-15 minutes. The temperature was seen to vary between 2 and 2.7
°C/cm with no particular differences or trends for different heights or
temperatures. Sample heights of 4.5 cm and 7 cm gives hence a maximum
temperature difference of + 6.1 °C and £ 9.5 °C compared to the measured sample
temperature for the Nchwaning and Comilog experiments, respectively.

To obtain isothermal conditions, the furnace was preheated to the desired
temperature before it was raised and kept in position throughout the experiments.
Figure 3-5 shows the measured sample temperature during three different
experiments with Nchwaning ore at different setpoint temperatures and a
reference experiment in argon. There is an initial rapid increase of the
temperature after the preheated furnace has been raised to surround the crucible.
The sample reaches a peak temperature at the end of the heating period when ore
is present. The difference between the experiments in Ar and in reducing gas at
790 °C show the effect of the exothermal reactions on the sample temperature. It
can be seen that the temperature deviation between the reduction experiment
and the reference experiment becomes significant above 600 °C for Nchwaning ore
(inserted axis in Figure 3-5), indicating that the exothermal reactions initiate
around 600 °C.

800 P
| ———
5 700
‘@ 600 -
]
.}
© 4
E 500 700
5 400 - - 650
3 300 L 600
£ —— 790 °C
@ 200 1 L 550 —— 700 °C
605 °C
100 1 500 —— 790 °C- 100 % Ar
0 50 100 150 200

Time [min]

Figure 3-5: The sample temperature measured while reducing Nchwaning ore in a 70 % CO — 30 % CO;
gas mixture and a reference experiment with Nchwaning ore and Ar. The inserted axis shows that
temperature deviation between the reference experiment and the reduction experiment becomes
significant above 600 °C.
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In Figure 3-6, the measured sample temperature of Comilog ore is shown for
different gas mixtures using an identical temperature program for all experiments.
A reference experiment with quartz and Ar was also included. The reference
experiment is seen to deviate from the others around 200-250 °C, indicating the
initiation of exothermal reactions for Comilog ore. The hydrogen containing gas
mixture with the highest reducing gas composition (red curve) is seen to initiate
below this temperature. There is a significant exothermal effect in Comilog ore,
and the highest peak temperature is seen to be at about 100 °C higher than the
final stable temperature. The experiments with the lowest initial temperature
peaks, still have ongoing exothermal reactions at the end of the experiment which
explains the higher temperature at this point.

The initiation of exothermal reactions below the set temperature and the
exothermal peak means that part of the reduction occurs outside the desired
isothermal range for both ores. Hence, the experiments are not truly isothermal,
and the measured temperature must be incorporated when modeling. For naming
purposes, the stable temperature at the end of the experiments was selected.

500 -
— Si'&a_
s 400
y
B
< 300 -
g —— 37 % CO - 26 % COz - 37 % Hz
S —— 27 % CO - 46 % COz - 27 % Hz
£ 2001 —— 16 % CO - 68 % COz - 16 % Hz
£ —— 70 % CO - 30 % CO2
“ 100 - 50 % CO - 50 % CO>
—— 30 % CO - 70 % CO:
—— 100 % Ar - Quartz
01— . . . .
0 50 100 150 200
Time [min]

Figure 3-6: Temperature measurements from experiments using the same temperature program using
6 different gas mixtures with Comilog ore in addition to a reference experiment with quartz and
argon. The exothermal peak is highest in the hydrogen containing atmospheres.

3.4 Weight measurements
To verify the weight given by the furnace balance, the sample material was
weighed on an external scale before and after the experiments. The sample
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material was removed, and the crucible was cleaned mechanically and with
compressed air. This cleaning procedure was also done prior to the experiments to
remove any residues or dust from previous experiments.

There were some unexplained variances in the weight loss of the
experiments in addition to side effects caused by rising and lowering of the furnace
and changing temperatures. Hence, experiments and calculations were done to
investigate these effects which is given in Appendix A. The main findings from this
investigation are given below.

An example of the weight loss from the sample as a function of time is
shown in Figure 3-7. The reduction part of the experiment is indicated by the
vertical dashed lines which are placed at the points where the furnace reaches its
top position (surrounding the crucible) and the point where the furnace goes down
after the completion of an experiment. Ideally, the weight loss occurring between
those points, B and C, are associated with the weight loss from chemical reactions
in the crucible.
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Figure 3-7: Example of recorded weight loss from an experiment. (Exp. A29B) Nchwaning ore reduced
ina 70 % CO — 30 % CO; gas mixture at 800 °C. Vertical dashed lines indicates where the furnace is
raised and lowered. The annotations indicate points of interest;

A: Changing from Ar to reducing gas.

B: Raising the preheated furnace to surround the crucible

C: Lowering the furnace and replacing the reducing gas with Ar (same flow rate of 4 I/min)

D: Changing the flowrate of Ar from 4 |/min to 2 |/min

The weight step indicated with point A in Figure 3-7 is associated with the
change from Ar gas to the reducing gas mixture. Ar is purged prior to the
experiment, however the change to reducing gas was put 10 min prior to rising the
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furnace to separate this weight influence from the others. Reducing gas is run
between points A-C. The jump in weight in point B is associated with the change in
buoyancy of the crucible between room temperature and furnace temperature. At
point C, the furnace is lowered, and the gas is changed from reducing gas to Ar.
The observed weight loss in C is thus influenced by both the buoyancy and the
changed density of the internal gas. In point D, the gas flow of Ar is changed from 4
I/min to 1l/min, which also influences the weight. The gas flow rate is never
changed during the reduction period, so this effect was not studied further.

The weight changes associated with the furnace changes with factors such
as temperature and gas mixture are not consistent, as observed in this and other
works. Hence, the influence from the furnace itself cannot be easily removed to
yield higher accuracy in the results. It is observed that the weight in the initial part
of the experiments changes for reasons other than the behavior of the sample,
which must be taken into account in the data analysis. Figure 3-8 shows the weight
as measured by the furnace balance (point B to point C in Figure 3-7) plotted
against the weight loss measured on the external balance where the furnace
balance seems to give a slightly lower weight loss in general compared to the
external weight.
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Figure 3-8: Shows the weight loss from the furnace balance vs the externally measured weight loss for
the Nchwaning experiments. Points on the dashed line (y=x) have the same weight in both
measurements.

Figure 3-9 shows the first 10 minutes of weight loss as a function of time
for the CO/CO, parallels of the Nchwaning ore experiments where the weight loss
calculated from the off-gas analysis and the furnace balance has been plotted
together. From comparison with the off-gas curves it is clear that no reduction
takes place until approximately 4 minutes into the experiments. The weight effects
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mentioned above can be observed in the curves prior to reduction and it is also
seen that they are inconsistent for parallel experiments.
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Figure 3-9: Shows the weight loss curves from the furnace balance and the off-gas analysis for the
first ten minutes of reduction of Nchwaning ore in CO/CO, atmospheres

In the experiments conducted in gas mixtures containing hydrogen, one of
the products of reduction is water vapor. The experimental setup is such that the
gas is cooled prior to being analyzed by the gas analyzer, causing the water vapor
to condense, and an accurate description of the reduction path based on the off-
gas analysis to be erroneous. To account for the fluctuations in the furnace balance
in the initial parts of the Nchwaning experiments, the furnace balance is set to zero
for the first four minutes in the Nchwaning experiments, assuming that the same
effect is taking place in the parallels containing hydrogen gas. Figure 3-10 shows
the weight loss curves after this adjustment is made for the CO/CO; parallels. The
original and corrected values for Comilog ore are shown in Figure 3-11. Due to the
possible occurrence of water decomposition above 100 °C in Comilog ore, only the
first two minutes where the temperature was below 100 °C, were set to zero.
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Figure 3-10: Shows the corrected weight loss as a function of time based on the furnace balance
measurements and the off-gas measurements.
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Figure 3-11: Original (left) and corrected (right) weight loss for the Comilog experiments.
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3.5 Characterization

The chemical analysis was conducted by SINTEF Norlab by X-ray
fluorescence (XRF) (Bruker AXS S4 Pioneer X-Ray fluorescence spectrometer) using
the fused bead technique. The excess oxygen was measured by titration (ASTM
465-11:2017)'*, and the CO, content was measured by combustion IR (ELTRA).

X-ray diffraction (XRD) was done using a Bruker D8 A25 DaVinci X-ray
Diffractometer with Cu-Ka radiation and a LynxEye SuperSpeed detector scanning
the range 15-75° with a 0.013° step size. Phases were indexed using the
DIFFRAC.EVA V5.1 software coupled with the PDF-4+ database. After reduction,
one-quarter of the material was split from each sample and crushed in a ring mill
(Retch RS 200) for 90 s at 900 rpm. From the crushed material, samples were taken
for chemical analysis and XRD.

The uCT (computed tomography) data was acquired by SINTEF Industry,
using a Nikon XT H 225 instrument (cone beam volume CT). A tungsten reflection
target was used, with a 200 kV acceleration voltage and a 40 pA current. The X-
rays were not filtered. Imaging was done with an integration time of 500 ms and
an amplification of 24 dB with 4476 projections per 360 ° rotation. The detector
panel has 2850x2850 pixels sized 150x150 pm. The distance from the source to the
sample was 55.79 mm and the distance from the source to the detector was
947.19 mm, resulting in a voxel size of 8.84 um. The images were processed using
SINTEF-developed scripts in Image)'*. A general description of the method has
previously been published®.

Scanning electron microscopy (SEM) was used to investigate selected
samples. The raw ore was investigated with a Zeiss Sigma 300 field emission
Scanning electron microscope (SEM) with Mineralogic software for Quantitative
Mineralogical Analysis (AMS). The microscope was equipped with two 6|60 Bruker
Energy-dispersive spectroscopy (EDS) detectors that was used for element
mapping. An acceleration voltage of 15 kV was applied and a step size of 2.38 um
was used for the element mapping. Samples for AMS (150 g unreduced ore) were
crushed in a ring mill (Retch RS 200) for 90 s at 900 rpm and embedded in epoxy.
To avoid unwanted influence from segregation due to sedimentation in the epoxy,
these samples were cut in half at the center and the cross-section was used for
examination. A general description of the method has previously been
published®. Partly reduced Nchwaning samples were investigated using a JEOL
JXA-8500F Electron Probe Micro analyzer (EPMA) with a 15 kV acceleration
voltage. The EPMA is equipped with wavelength dispersive x-ray spectrometers
(WDS) that has a high accuracy for quantitative analysis, including the analysis of
light elements. Images from SEM are acquired using backscatter contrast, which
gives higher intensity (brightness) with higher mean atomic number of any
particular phase.
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3.6 Gas atmospheres and oxygen pressure

Experiments were run in different CO/CO, mixtures containing with a gas flow of 4
NI/min for all experiments. The effect of hydrogen on the reduction rate was
investigated using gas mixtures with pH, = pCO. The thermodynamic
characteristics of hydrogen as a reducing agent differ from those of CO. Table 4
shows the Gibbs free energy for reduction of Mn3;0, at selected temperatures, and
it can be seen that the thermodynamic driving force of reduction with H, and CO is
equal at 815.5 °C. Reduction with H, has a higher driving force compared to CO at
higher temperatures and vice versa.

Table 3-5: The Gibbs free energy for the reduction of Mn304 by H, and CO at selected temperatures.
Data from HSC chemistry.

Reaction AG790°c AGgys.5c AGggooc
Mn3;0, + CO(g) = 3Mn0O + CO,(g) -81.6 -83.5 -85.6
Mn;0, + H,(g) = 3Mn0O + H,0(g) -76.9 -83.5 -88.2

The pO, of the gas mixtures were calculated using HSC chemistry®?,
allowing for O, and H,0 in addition to the input gases, which is equivalent to
determining pO, from equations (13)- (15). Figure 3-12 shows the equilibrium gas
composition of a 37 % CO — 26 % CO, — 37 % H, gas mixture. Since no water vapor
is added, the composition remains constant at lower temperatures where the
water gas shift reaction (reaction (13)) is shifted to the right. When increasing the
temperature, H, reduces CO; and increases the CO and H,0O content of the gas
mixture. The pO; increases with temperature for all gas mixtures.

CO(g) + H,0(g) = H,(g) + CO,(9) (13)
2C0(g) + 0,(g) = 2C0,(g) (14)
2H,(g) + 0,(g) = 2H,0(g) (15)

59



100 | 10—15
—=H T
—-co e - 1073
801 —-- CO:
—-= H20 - 10735
..... p02
X 601 . - 107
§ ~N
= T 107
© .—--""'"'_.
o 401 I A —-==:':: L 1065
— e n — — — — . — —_—— _— .-—-'-"'-'_ 10_75
20 1 _'—'—-.___________.
__.__::— 10785
0 . ’ p—r— T ’ . .
0 100 200 300 400 500 600 700 800 900

Temperature [°C]

Figure 3-12: Shows the equilibrium composition and oxygen partial pressure of a 37 % CO — 26 % CO;
—37 % H, gas mixture as a function of temperature. Calculated using HSC chemistry 918

The p0O; as a function of temperature is shown for the different gas
compositions in Figure 3-13, where it can be seen that the hydrogen containing,
and the hydrogen free parallels are equal at about 600-650 °C.
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Figure 3-13: The equilibrium oxygen partial pressure of selected gas mixtures. The composition of the
hydrogen containing gases (green diamond and green square) have been chosen to give a similar
oxygen partial pressure as their 70/30 (black circle) and 30/70 (black triangle) CO/CO; counterparts.
Legend read vol% CO-CO,-H,. Calculated using HSC chemistry 918
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3.7 Experiment overview
Table 3-6 contains an overview of the temperatures and gas mixtures investigated
for the different ores.

Table 3-6: Experimental overview showing utilized temperatures and gas mixtures for the two ores.
Parentheses show number of parallel experiments.

Ore Temperature [°C] (#experiments) Gas mixture
CO [%] | CO2 [%] | H2 [%]
790(3) 700(1) 605(2) 5 95 0
790(4) 700(4) 605(4) 70 30 0
] 790(4) 700(4) 605(4) 30 70 0
Nchwaning
790(2) 700(2) 605(1) 37 26 37
790(2) 700(2) 605(2) 16 68 16
605(1) 515(1) 455(1) 410(1) 365(1)| 70 30 0
455(1) 410(1) 365(1)| 50 50 0
] 605(1) 515(1) 455(1) 410(1) 365(1) 30 70 0
Comilog
515(1) 410(1) 365(1) 37 26 37
455(1) 410(1) 365(1)| 27 46 27
605(1) 515(1) 455(1) 410(1) 365(2) 16 68 16

Initial experiments showed that parallels of Nchwaning ore behaved
differently hence it was decided to run additional duplicates for most experimental
conditions in order to reduce the uncertainties. Comilog ore was seen to have a
strong exothermal peak for the experiments set to 605 °C and 500 °C such that
most kinetic data in both cases was obtained around 700 °C (measured
temperature). For modeling purposes, it is desirable to investigate a range of
temperatures. Hence, a lower temperature range for reduction of Comilog ore was
selected.

3.8 Related work
Two parallel MSc-studies were undertaken under the course of this work, where
prereduction of manganese ores were studied.

Reiersen®? investigated the prereduction behavior of Comilog, Nchwaning and
UMK ore using non-isothermal experiments up to 1000 °C. Heating rates of 3, 6
and 9 °C/min were employed, and the experiments were conducted in the same
apparatus as used in this work. An article was written based on this work®’, and
both the thesis and the article have been discussed in the literature review.

Davies® investigated the prereduction behavior of UMK ore by isothermal
reduction. The ore was investigated at 700 °C, 800 °C and 900 °C in three different
gas mixtures: 70 % CO — 30 % CO,, 70 % H; — 30 % H,0 and 100 % H,0, using the
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same apparatus and experimental setup as in this work. An article was written
based on this work®.

62



4 Results

4.1 Reduction of Nchwaning ore

As described in the previous section, Nchwaning ore was reduced at 605 °C, 700 °C
and 790 °C in CO/CO; and CO/CO,/H> gas mixtures. The CO/CO, gas mixtures were
chosen to investigate the reduction rates with high and low reducing gas potential
while the hydrogen containing gas mixtures were selected such that they had a
similar thermodynamic driving force as the CO/CO, mixtures, making it possible to
study the influence of hydrogen on reduction directly. The pairs of gas mixtures
yield a high and low oxygen partial pressure relative to each other, which is
indicated together with the gas composition in Table 4-1. Experiments were also
conducted in a gas mixture consisting of 5 % CO and 95 % CO,. Carbon deposition
was observed in one experiment in the low pO; hydrogen containing gas mixture.

Table 4-1: The gas mixtures used in reduction of Nchwaning ore where the pairs of mixtures yield a
high and low oxygen partial pressure, respectively. The logarithm of the partial pressures at 650 °C
was included for reference.

pO; log(pO2) | 650 °C co CO, H;
Very high -20.3 5 90 0
. 30 70 0
High -22.1 16 68 16
70 30 0

Low -23.6 37 26 37

4.1.1 Weight loss and reduction behavior

Figure 4-1 shows the measured weight loss from the furnace balance for the
Nchwaning ore experiments sorted by gas mixture. The theoretical weigh loss to
Mn304-Fes0s, MnO-FeO and decomposition of carbonates is indicated by the
horizontal lines in the figure. The dotted lines connect the end of the experimental
curves as measured by the furnace balance with the value of the weight loss as
determined by the external weight measurement. In the experiment conducted
using low pO; in a H; containing atmosphere at 605 °C, the sample and the crucible
interior was covered in soot after the experiment, hence the measured weight is
uncertain, and this curve is removed from further analysis.

None of the experiments reduced without hydrogen using high or very
high pO, were fully reduced to MnO-FeO. For the other three gas mixtures, all
samples reduced at 790 °C was reduced beyond MnO-FeO, indicating that some
carbonates decomposed. The samples reduced at 700 °C all ended up with a
weight loss close to the expected weight loss for reduction to MnO-FeO. The
weight curves in Figure 4-1 have not flattened completely, hence, some reactions
are still occurring at the time of termination of the experiments. Since no metallic
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iron was found in the subsequent analysis, these reactions may be explained by
the decomposition of carbonates in the cases where the oxides are fully reduced
(below MnO-FeO).

0 5 % CO - 95 % CO:
g -,
= 21 Mns0as-Fes0a
= [, nan,. PN .Ul 1 519 L oli -0 3
o
T —4
z
T -6
; B
=8 ] MnQ-FeO_
=
1 . ‘ . $C0;
0 50 100 150 200 250
Time [min]
— 790 °C — 700 °C 605 °C
04 30 % CO - 70 % CO: | 16 % CO - 68 % CO2 - 16 % H:=

MnsQa-Fes0a| Mn30as-Fes0a
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' 4Co;
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Figure 4-1: Shows the measured weight loss curves as a function of time from the furnace balance for
reduction of Nchwaning ore in different gas mixtures. The dotted lines at the end of each
experimental curve connects the final weight measured by the furnace and that measured by the
external balance. Horizontal dashed lines indicate the expected weight loss when ore is reduced to
Mn304-Fe304, MnO-FeO and MnO-FeO + decomposed carbonates (+CO;), respectively, as indicated on
each line.

Figure 4-2 shows the fractional conversion and the reduction rate of the
Nchwaning ore samples reduced in high and low oxygen partial pressures with and
without H; in the gas mixture. Each conversion curve has been marked at the point
where the sample temperature reached the set temperature. It can be seen that
part of the reduction occurred prior to this point, i.e., about 20 % of the reduction
occurred below the set temperature in the low pO; hydrogen containing gas
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mixture reduced at 790 °C. For all gas mixtures, it is seen that the rate and extent
of reduction increase with increasing temperature. The rate and extent of
reduction increases with the addition of H, at constant partial pressure and with
decreasing pO, of the gas mixture for both the CO/CO, and hydrogen containing
mixtures.

—»— 790 °C —— 700 °C *— 605 °C

1.0 - 30% CO-70 % CO- 16 % CO - 68 % CO2 - 16 % H-

0.8

T 0.6

da/dt [1/s]

37 % CO - 26 % COz2 - 37 % H:

0.05 A

0.04 A1

0.03

da/dt [1/s]

0.02 1

0.01 A

Lo Aid bo nndd &

0.00 - T T f ?
0 50 100 150 200 0 50 100 150 200

Time [min] Time [min]

Figure 4-2: Shows the fractional conversion and the reduction rate for reduction of Nchwaning ore in
the utilized gas mixtures. Markings (x) in contrasting colors indicate the point where the sample
temperature reaches the set temperature (temperature in the legend). The two gas mixtures at the
top represent the high oxygen partial pressure whereas the gas mixtures at the bottom represent the
low oxygen partial pressure (Table 4-1).
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Figure 4-3: Shows the O/Mn ratio as a function of time for the 210-minute experiments. Markers
indicate the analyzed O/Mn ratio from conducted experiments at 30, 90, and 210 min and are shifted
by +2 minutes to avoid overlapping. (a): high pO, hydrogen-free experiments; (b): high pO, hydrogen-
containing experiments; (c): low pO, hydrogen-free experiments; (d): low pO, hydrogen-containing
experiments.

To focus on the reduction of oxides in the ore, the weight curves were
adjusted in such a way that they start at the initial O/Mn ratio of the unreduced
ore and end at the O/Mn ratio determined by the chemical analysis of the reduced
samples. This adjustment implicitly assumes that any carbonate decomposition is
distributed evenly throughout the experiment and that Fe and Mn is at the same
oxidation state throughout the experiment since the general shape of the curve is
maintained. These results are shown in Figure 4-3, where the curves from the
analyzed experiments run for 210 minutes is shown, and the final O/Mn ratio from
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all experiments are indicated by symbols. The figure shows that the samples are
fully reduced at 700 °C and 790 °C at 210 min, except for one of the 700 °C
parallels in 30 % and all in the 5 % CO containing mixtures. Some deviation
between the chemical analysis and the weight loss is seen in high pO, parallels
(700 °C without H; and 605 °C with H,). The samples reduced inin 30 % CO-70 %
CO; have achieved a higher degree of reduction when considering the chemical
analysis (Figure 4-3a) compared to the weight loss (Figure 4-1), whereas for the
other gas mixtures the results are consistent between the two.
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517 --- 30%(:0,70%(:02\ S117
— 70° 0
104 70 % CO, 30 % CO: 104
0 50 100 150 200 0 50 100 150 200
time [min] time [min]
(a) (b)
700 °C 790 °C
Rl I T P 16 % CO, 68 % COz, 16 % Hz 131w e 16 % CO, 68 % COz, 16 % Hz
o " _ = o " (] z, o z ° _— (] i (] 2, o Rz
3 g 37 % CO, 26 % COz, 37 % H 3 3 37 % CO, 26 % COz, 37 % H
e A EN*] A
3 3 E \
E 131 £ 131 \
2 2 |
g 12 %121
c c T
% 1.1 1 % 1.1 1 N,
et “;":;.'.‘;‘;;--“ ...
1.0 d 1.0 p A s
0 50 100 150 200 0 50 100 150 200
time [min] time [min]
() (d)

Figure 4-4: Selected curves from Figure 4-3 showing the effect of changing between high and low
oxygen partial pressure of the hydrogen free gas mixtures at (a) 605 °C and (b) 790 °C, and the
hydrogen containing gas mixtures at (c) 700 °C and (d) 790 °C.

In Figure 4-4 and Figure 4-5, selected curves from Figure 4-3 are compared.
The reduction rate is seen to increase with decreasing oxygen partial pressure in
Figure 4-4, for both the CO/CO, and the hydrogen containing gas mixtures. Figure
4-5 shows that the reduction rate is higher for the hydrogen containing gas
mixtures compared to the hydrogen free gas mixtures when the oxygen partial
pressure is kept constant.
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Figure 4-5: The effect of hydrogen at constant oxygen partial pressure at 790 °C for (a) low pO,, and

(b) high pO;.
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Figure 4-6: Shows the remaining CO; from chemical analysis of the reduced samples as a function of
CO; in the reducing atmosphere. The slope of the trendlines was determined by linear regression of all
measurements and the y intercept was determined by linear regression at each temperature. Only
samples reduced for 210 minutes at high and low pO;, are included.

Figure 4-6 shows the remaining carbonates, from chemical analysis, as a
function of the CO; content of the reducing atmosphere after 210 min. The slopes
of the lines were calculated from the linear regression of all points, while the y-
intercepts were calculated from fitting at each temperature. It can be seen that for
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decreasing temperature and for increasing CO; content of the reducing
atmosphere, more carbonates remained in the sample after reduction for 210 min.
According to the differences in the lines in Figure 14, on average, the samples lost
1.3 wt.% more mass from carbonates when increasing the temperature from 605
°C to 700 °C and 0.4 wt.% more mass when increasing the temperature from 700
°Cto 790 °C.

From the chemical analysis of the unreduced ore, the CO,-content of
Nchwaning was seen to be 2.5 + 0.5 % (Table 3-1). If the oxides are reduced
without any decomposition of carbonates, the carbonate content would increase
to 2.73 + 0.55 % by concentration due to the removal of oxygen, which is lower
than many of the measurements in Figure 4-6. The variance in the figure, as well as
the deviation from the expected results, show that the carbonate content can vary
a lot from batch to batch, more than what was indicated by the initial variance in
the raw material.

4.1.2 Off-gas analysis

The off-gas analysis from the furnace was calibrated to the known composition of
reducing gas at the start of each experiment. Details regarding these corrections
are given in Appendix D. The reduction in CO content of the off-gas is caused by
the CO consumed in the reduction while increased CO; in the off-gas stems from
the reduction of oxides in addition to any carbonate decomposition. Figure 4-7 and
Figure 4-8 shows the off-gas analysis for the CO/CO; gas mixtures with high and
low pO; respectively. The y-axis in these figures have been given similar ranges for
consistency. The CO; content of the off-gas from the very high pO. experiments
exceeded the capacity of the CO; analyzer and are thus not included further.
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Figure 4-7: CO and CO; from the off-gas analysis from the high pO, hydrogen free parallels. The
dashed lines indicate the input composition.
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Figure 4-8: CO and CO, from the off-gas analysis from the low pO, hydrogen free parallels. The
dashed lines indicate the input composition.
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Figure 4-9: Show the difference between the produced CO, and the consumed CO from the off-gas
analysis of the CO/CO; experiments.

From Figure 4-7 and Figure 4-8 it appears that the CO; and CO curves are
opposites of each other. For closer comparison, the difference between the
consumed CO and produced CO,, taken as the difference between the input
concentration and the measured concentration, was calculated, and is shown in
Figure 4-9. This difference should be 0 if the off-gas analyzers are perfectly
accurate and all CO; originates from reduction of oxides with CO. Carbonate
decomposition will increase the CO, produced and not affect the CO consumed
(other than by dilution). Any carbon deposition by the reverse Boudouard reaction
(2CO=C+C0O;), will increase the CO consumed two times more than the CO;
produced. If these two effects happen simultaneously, they might be obscured by
each other. Carbonate decomposition was seen to increase the CO; content in the
off gas to around 0.5-1 % in Ar atmosphere at the early stages of the experiment
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(10-30 min, Figure A-1). Carbonates will decompose slower when CO; is present in
the atmosphere. If all CO; in the sample (2.5 % carbonates) decomposed evenly
over 210 minutes, it would produce less than 0.1 % of the input gas volume and
might not be noticed.

The dip in the initial part of many of the curves in Figure 4-9 indicates that
more CO is consumed than CO; is produced, which is consistent with carbon
deposition by the Boudouard reaction (2CO=C+CO;) and/or carbonate
decomposition. However, the difference is lower than the observed variability in
the analysis and may simply be a result of high reaction rates yielding a gas
composition with a high deviation from the off-gas composition used during
calibration. Carbon deposition was not observed in any of the experiments without
H. in the gas mixture.
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Figure 4-10: The measured off-gas from the high pO, hydrogen containing parallels. The dashed lines
indicate the input composition.
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Figure 4-11: The measured off-gas from the low pO, hydrogen containing parallels. The dashed lines
indicate the input composition.
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Figure 4-10 and Figure 4-11 shows the measured CO and CO; in the off-gas
of the hydrogen containing parallels with high and low pO,, respectively. For both
gas mixtures, the CO; content in the off-gas increases in the initial part of the
experiment where the reduction rate is high, before it stabilizes at a value lower
than the input composition towards the end of the experiments. The measured CO
content increases compared to the added amount and remains at a higher
concentration compared to the input composition. Both these observations are
indications that the water gas shift reaction (WGSR: CO+H,0=CO+H>) is shifted to

the left.
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Figure 4-12: CO+CO; from the off-gas analyzer for the hydrogen containing gas mixtures. The input
CO+ CO; is indicated by the dotted gray lines.

Figure 4-12 shows the sum of CO and CO; analysis from the experiments
using hydrogen containing gas mixtures. It can be seen that the sum of CO and CO;
does not add up to 100 %. Since H,O condenses in the wash bottles prior to the
off-gas analyzer, it is assumed that the difference up to 100 % (in Figure 4-12) is
the H, content. Due to the H,O condensation, the measured CO, CO; and H, (by
difference) is higher than that of the gas exiting the crucible. To assess the H,0
content of the off-gas, it is assumed that the sum of CO and CO; entering and
exiting the crucible is the same. This requires the assumptions that carbonate
decomposition gives an insignificant impact on the off-gas analysis, and that no
carbon deposition by the reverse Boudouard reaction (2CO=C+CO,) occurs. To
calculate the amount of H,O exiting the crucible, H,O is added such that
CO"+CO,"=CO°*+C0O,°" for the duration of the experiments.

The adjusted CO, CO; and H, content and the calculated H,O content in the
off-gas is shown in Figure 4-13 together with the equilibrium gas compositions for
each temperature. Two experiments are plotted in each graph with the exception
of the 605 °C experiment at low pO, where only one experiment was conducted.
The equilibrium gas compositions are determined by the WGSR (CO+H,0=CO+H>)
and is shown by dotted lines for each gas and temperature in Figure 4-13.
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Figure 4-13: Shows the adjusted CO, CO; and H, composition with the calculated H,O composition for
the 210-minute experiments in hydrogen containing gas mixtures. The 605 °C experiment at low pO;
was included despite the observed carbon deposition. In the other gas mixtures and temperatures,
results from two (all) experiments are plotted. Dotted lines show the equilibrium composition
(calculated by HSC chemistry 918) of the gas mixtures at each temperature and gas mixture.

At 605 °C, water vapor is produced and H, is consumed in the early parts of the
experiments. This is consistent with reduction of oxides with hydrogen. A small
increase in CO coupled with a similar decrease in CO,, indicates that the WGSR
occurs, however it is seen that the gases has not reached the equilibrium
composition. At 700 °C, the same tendencies are observed as at 605 °C, however it
is seen that the gas composition at the end of the experiments where the
reduction rate is low, is closer to the equilibrium composition predicted by the
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WGSR compared to the experiments at 605 °C. At the end of the 790 °C
experiments, the gas compositions are consistent with the equilibrium
composition of the WGSR for both gas mixtures.
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4.2 Characterisation of Nchwaning ore

Reduced samples were analyzed by X-ray diffraction (XRD) to investigate the
evolution of phases during reduction. The unreduced Nchwaning was investigated
using quantitative mineralogy analysis (AMS). The content of different minerals
was quantified, and selected microstructures were investigated. Additional data
from AMS can be found in Appendix F. Partly reduced samples were examined by
Electron Probe Micro analysis (EPMA). The decrepitation of the reduced samples
was also measured.

4.2.1 XRD - Phase evolution
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Figure 4-14: X-ray diffraction patterns and identified phases in unreduced ore and samples reduced in
30 % CO and 70 % CO; at 605 °C. The main Bixbyite/Braunite peak (33°) has been cropped for clarity
in the figure.

4.2.1.1 High pO; without Hydrogen

The XRD results of the samples reduced at 605 °C in the hydrogen free,
high pO, atmosphere are shown in Figure 4-14. After 30 min at 605 °C, the
intensity of the bixbyite/braunite peaks increased despite chemical analysis
showing a slight reduction in oxygen content (O/Mn: 1.50 — 1.45). This may be
explained by the decomposition of manganite, which is known to decompose to
Mn,0; at this temperature. Hematite, hausmannite, and calcite are still present,
and the formation of the monoxide phase (MnO—FeO solid solution) commenced.
After 90 min, magnetite was identified in the diffraction pattern, and the increased
manganosite content is consistent with the lower O/Mn ratio in the chemical
analysis. After reduction for 210 min, magnetite and hausmannite can no longer be
seen in the XRD spectrum, although the average composition from the chemical

75



analysis indicates a composition close to Mn304. This implies that the original
content of hausmannite is reduced and that it is not a stable intermediary in the
reduction of bixbyite/braunite to MnO.

After 30 min reduction in the same gas atmosphere at 700 °C, the XRD
pattern and the O/Mn ratio was similar to the samples reduced for 210 min at 605
°C. There was less oxygen left in the samples reduced at 790 °C compared to 605
°C and 700 °C. The XRD shows that some Mn,0s3 (bixbyite/braunite) was still
present in the fully reduced (O/Mn = 1.00-1.01) samples. The XRD patterns can be
found in Appendix B (Figure B-1 and Figure B-2). Magnetite was identified after 90
min reduction at 700 °C, but no iron-containing phases were identified after 210
min reduction. The higher oxides of iron may have been dissolved in the bixbyite
phase or reduced to FeO and dissolved in the MnO phase. The experiments
reduced for 210 min at 700 °C obtained O/Mn ratios of 1.18 and 1.00. A significant
difference in the chemical analysis between the two parallels was their Mn/Fe
ratio which were 2.4 and 8.9 compared to 5.6 for the unreduced ore. Magnetite
was identified after 210 min at 790 °C, in the fully reduced sample with the highest
iron content (13.5% Fe).
4.2.1.2 Low p0O2 without hydrogen

Samples reduced in the hydrogen free, low pO, atmospheres had a lower
O/Mn ratio compared to their high pO, counterparts, which is consistent with the
reduction curves (Figure 4-1). The XRD patterns can be found in Appendix B (Figure
B-3, Figure B-4 and Figure B-5). At 605 °C, the bixbyite/braunite and hematite
content decreased as time progressed. Hematite was identified up until 90 min,
whereas, at 210 min, magnetite was identified. The 90 min and 210 min samples
had a relatively high iron content (11.5% and 12.8% Fe, respectively). At 700 °C,
hausmannite disappeared after 90 min, whereas hematite was still present at 210
min, parallel with the highest iron content (14.5 wt.%). At 790 °C, there was no
hausmannite in the samples reduced for 30 min. After 90 and 210 min, tephroite
was observed, while hematite and magnetite were not present.
4.2.1.3 Hydrogen containing atmospheres

Figure 4-15 and Figure 4-16 shows the XRD spectra for the samples
reduced in hydrogen containing atmospheres, at high and low pO,, respectively.
The amount of bixbyite/braunite decreased, and the monoxide increased with
increasing temperature for both gas mixtures. Tephroite was found when the ore
was reduced at 790 °C for both gas mixtures. At 700 °C and 790 °C, the samples
were fully reduced according to the chemical analysis (O/Mn = 1.00-1.01),
although there were traces of Mn,0s. No hematite or magnetite was identified in
any of the samples reduced with H; present in the gas.
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Figure 4-15: X-ray diffraction patterns from the experiments conducted with the 16 % CO/68 CO,/16
% H; gas mixture. The main Bixbyite/Braunite peak (33°) has been cropped for clarity in the figure.
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Figure 4-16: X-ray diffraction patterns from the experiments conducted with the 37 % CO/26 CO,/37
% H gas mixture. The main Bixbyite/Braunite peak (33°) has been cropped for clarity in the figure.
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4.2.2 Quantitative Mineralogical Analysis - Unreduced ore

Different minerals were identified using the chemical composition acquired by
Energy-dispersive spectroscopy (EDS) measurements. Two different areas of the
sample were investigated covering 32.5 mm? and a few thousand different
particles. Due to carbon coating of the specimen, carbon cannot be accurately
quantified, but carbonates are identified based on the composition of the other
constituents. Hydrogen is undetectable; hence, manganite (MnOOH) falls within
the bixbyite classification. An example of the mineral identification of a particle is
shown in Figure 4-17 where neltnerite, braunite | and braunite Il and calcite are
the most predominant phases.

Table 4-2 shows the content of different minerals in the sample. It is seen
that the manganese is distributed between the oxide (bixbyite, hausmannite,
manganite, and marokite) and silicates (braunite |, braunite Il and neltnerite), with
a higher proportion belonging to the latter category. From the perspective of
reduction, most of the manganese is in the form of Mn3*" (Mn,0s). In regard to the
iron content, some hematite is identified in the sample, however most of the iron
is contained in the manganese oxides. About 50 % of the carbonates were
characterized as pure calcite, while the remaining 50 % contained various degrees
of other cations (Mg, Mn and Fe).

Figure 4-17: Shows the mineral identification of a particle. The orange mineral is identified as
neltnerite, the purple areas contain mostly braunite | and braunite Il, and the light areas consist of
calcite.
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Table 4-2: Shows the abundance of different minerals in Nchwaning ore. Includes the minerals with
more than 5 wt% of the sample in addition to hematite and carbonates. The range in composition is
given by the difference between the analysis of two different areas in the sample.

Mineral Formula Area% Wit%**
Bixbyite, Hausmannite, (Mn,Fe);05 Mn;Os MNOOH ~ 27-29  33-35
Manganite
Braunite-ll 7(Mn,Fe),03*CaSiOs 20-23 24-27
Neltnerite 3(Mn,Fe),03*CaSiO3 10-14  12-15
Braunite-I 3(Mn,Fe)203*MnSiO3 11 13
Marokite CaMn;0, 6-7 7-8
Hematite Fe 03 0.7-1.2 0.9-15
Carbonates CaCO3* 4.1-4.8 3.0-3.7

*Carbonates with Mn, Mg, and Fe cations are included in the total number

**Calculated using the average composition of the identified phase

Selected grains with different microstructures were investigated closer,
Figure 4-18 and Figure 4-19 shows the backscatter (BS) image together with the
Energy-dispersive spectroscopy (EDS) analysis of Mn, Fe, Ca and Mg from two
different particles. The particle in Figure 4-18 is the same as the particle shown in
Figure 4-17. The microstructures in Figure 4-18 and Figure 4-19 are highly similar
to the two main types of microstructure observed in Nchwaning ore by Larssen et
al.”% where the brighter phases (BS) generally were Mn or Fe rich and the darker
phases were identified as carbonates. All manganese rich phases commonly
identified in Nchwaning ore may contain Fe!3%147,

100 %

Figure 4-18: Shows the backscatter image for a particle (BS) and EDS analysis for Mn, Fe, Ca and Mg.
The color scale at the left of the figures relates to the wt% of elements in the EDS analysis images.
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The particle in Figure 4-18 mainly consists of a Mn rich Fe and Ca
containing phase, which is consistent with braunite Il or neltnerite. There are
variations in the Mn/Fe ratio though the Ca content is stable. These variations can
also be observed in the slight intensity differences of the BS image, where the
brightest phase has the higher iron content. A few islands of a calcium rich phase
(e.g., Calcite) is also observed. The BS image in Figure 4-19 show an equal
distribution between the two different phases. The bright phase contains Mn, Fe
and Ca which is consistent with braunite Il or neltnerite, and the darker phase with

carbonate. The carbonate phase is seen to contain Mn and Mg in addition to Ca.

Figure 4-19: Shows the backscatter image for a particle (BS) and EDS analysis for Mn, Fe, Ca and Mg.
The color scale at the left of the figure relates to the wt% of elements in the EDS analysis images.

100 %

Figure 4-20: Shows the backscatter image (BS) and EDS analysis of the particle for Mn, Fe, Ca and Mg.
The color scale at the left of the figure relates to the wt% of elements in the EDS analysis images.

Figure 4-20 shows one of the grains with the highest manganese content.
Manganese rich areas containing Ca, Ca + Fe can be seen, which corresponds to
the phase boundaries observed in the backscatter (BS) image. Ca in a manganese
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rich phase suggests the occurrence of Braunite Il (Table 2-2). The phase with the
highest manganese content has a composition consistent with Mn3Oa. Similar to
the particle shown in Figure 4-18, some Ca-rich areas (e.g., Calcite) are observed
that correspond to the low intensity areas in the BS image.

In areas with high Mn content in Figure 4-21, different grayscales in the BS
image correlate with differences in Ca and Fe contents. The Ca content implies
braunite I, while the lack of Ca corresponds to braunite I, bixbyite or hausmannite.
Some pockets of carbonates are also observed. The BS contrast increases with
increasing average atomic number hence it is expected to increase with increased
iron content in the phase. However, in these phases the Fe is associated with Ca,
which reduces the BS contrast. In sum, the brightest areas correspond to the
highest manganese content.

Figure 4-21: Shows the backscatter image for a particle (BS) and EDS analysis for Mn, Fe, Ca and Mg.
The color scale at the left of the figure relates to the wt% of elements in the EDS analysis images.

20pm

Figure 4-22: Shows the backscatter image (BS) and EDS analysis of the particle for Mn, Fe, Ca and Mg.
The color scale at the left of the figure relates to the wt% of elements in the EDS analysis images.

The BS image in Figure 4-22 has a coarser but somewhat similar structure
to the particle in Figure 4-19 in that there is a relatively even distribution between
the bright and dark phase. The bright phase in Figure 4-22 is consistent with
braunite Il due to its calcium content, and the dark phase is consistent with calcite.
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4.2.3 EPMA - Partly reduced ore

After reduction of Nchwaning ore, some broken ore pieces revealed a
pattern that indicated topochemical reduction. A picture of such pieces, from the
same particle, is shown in Figure 4-23, where the outer edge has changed color to
green while the center of the particle remains grey as the initial ore. The green
edge seems to have a consistent thickness, following the contours of the particle.
Particle from the samples reduced for 30 minutes in CO/CO; gas mixtures at 700 °C
and 790 °C were analyzed by EPMA to investigate this. The investigated particles
were randomly selected from the particles that were intact after reduction.

Figure 4-23: Picture of a partially reduced Nchwaning ore piece that has been broken after reduction.
Reduced for 30 min at 790 °C in the high pO, hydrogen free atmosphere.

Figure 4-24 shows the EMPA results from a particle reduced at 790 °C in
the low pO, hydrogen free gas. The outer edge of the particle is oriented towards
the top. From the oxygen analysis (top right picture), it can be seen that the
oxygen has been depleted from the edge of the particle while the oxygen content
is higher towards the center. The Mn, Fe and Si contents are similar on both sides
of the border between the oxygen rich and the oxygen depleted zone. This
indicates that the same phase was present on both sides of the border prior to
oxygen removal and that the observed difference is a result of reduction rather
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than an artifact of the original mineral distribution. The increased carbon content
towards the edge is caused by epoxy that fills the cracks and pores.
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Figure 4-24: EPMA results from the sample is reduced for 30 minutes at 790 °C in the high pO,
hydrogen free gas mixture. The edge of the particle is at the top of the images. The O/Mn ratio from
the sample was 1.33 after reduction.

CP Lv HgCn 0 Cn Cacn
1940 ,10.000 , 25.00, 30.
1724 | 8.750
1508 .500  18.
1292 .250 | 15.
1076 .000 | 12.
860 .750
644 . 500
428 .250
. 213 . 000
Cca —— 200 um 7 1264 -381
¢ Cn MnCn
.000 .
.750 . . 625
. 500 . .250
.250 . .875
.000 . . 500
L7150 . .125
. 500 . .750
.250 . .375
% o . . .000 . .000
¢ — 200 un ! — 200 um 5.417 . -0.126
z : FaCn i BacCn
I .000 . I 30.
L7150 26

. 500 . 22.
.250 . 18.
.000 . .
.150
. 500
.250
- i 0.000
% Ba —— 200 um

Figure 4-25: EPMA results for particle B from the sample reduced for 30 minutes at 700 °C in the high
pO> hydrogen free gas mixture. The edge of the particle is at the left of the images. The O/Mn ratio
from the sample was 1.35 after reduction. Particle A
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EPMA results from two different particles from the same experiment,
particle A and B, is shown in Figure 4-25 and Figure 4-26, respectively. The
experiment was conducted at 700 °C in the high pO, hydrogen free gas mixture.
Particle A is seen to display the same behavior as the particle in Figure 4-24, in that
the oxygen is depleted from the edge of the particle (left hand side). The border of
oxygen depletion does not correlate with significant changes in the other
elements; hence, the oxygen depletion is a result of reduction. A region with lower
oxygen content can be observed at the lower right-hand side of the image. This
region has a high content of Ca, Al and Mg which explains the relatively lower
oxygen content. Particle B shows no such oxygen depleted zone. The pixel wide
line at the edge for the oxygen measurement stems from the measurement itself;
the analysis from the pixel on the edge shows part sample and part epoxy and can
also be observed in the carbon analysis. The particle is seen to have a rather
consistent structure, with some pockets of carbonates. The absence of an oxygen
depleted zone indicates that oxygen is released evenly throughout the particle, or
that the particle is not reacting at all. Particle B is seen to have a higher Ca and Si
content throughout the structure compared to particle A and the particle in Figure
4-24. Hence, whether or not a particle displays topochemical behavior during
reduction depends on which particle is reduced and both behaviors can be
expressed in different particles in the same experiment.
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Figure 4-26: EPMA results for particle B from the sample reduced for 30 minutes at 700 °C in the high
pO; hydrogen free gas mixture. The edge of the particle is at the top of the images. The O/Mn ratio
from the sample was 1.35 after reduction.
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4.2.4 Decrepitation

Multiple sieve sizes were used to determine the decrepitation behavior of
Nchwaning ore, and the full dataset is given in Appendix E. Similar behavior was
observed for most of the different particle size fractions. To assess the
decrepitation behavior, the weight fraction of particles above 3.35 mm was used.
Figure 4-27(a) shows the decrepitation as a function of temperature for the
Nchwaning ore samples reduced for 210 minutes. No particular trend is identified
between the different gas mixtures; however, it is seen that decrepitation
increases with increasing temperature.

Figure 4-27(b) Shows the decrepitation as a function of O/Mn ratio after
reduction for the Nchwaning experiments. Samples reduced for 30, 90 and 210
minutes are included. The decrepitation is seen to increases with increasing degree
of reduction (reduced O/Mn ratio), which is expected since the temperature and
degree of reduction also are correlated (section 4.1.1).
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Figure 4-27: Shows the decrepitation as wt% above 3.35 mm from samples reduced for 210 minutes in
different gas mixtures as a function of (a): temperature, where trendlines were added for each gas
mixture, and (b) of O/Mn ratio after reduction. The O/Mn ratios were determined by chemical
analysis. The trendline was made using a Lowess filter with a smoothing parameter of 0.6.
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4.3 Reduction of Comilog ore

Reduction of Comilog ore was investigated in the pairs of gas mixtures used for the
Nchwaning experiments in addition to a gas mixture pair with an intermediate pO..
The composition of the utilized gas mixtures can be seen in Table 4-3. As
previously mentioned, Comilog ore was mixed with an equal amount of quartz (by
weight) to suppress the exothermal effect on temperature. Samples were reduced
in the temperature range 365 °C - 605 °C. The ore was observed to oxidize after
being removed from the crucible, hence the samples were not sent for chemical
analysis. A method was devised to measure oxidation and it was measured for
more than half the Comilog experiments. Carbon deposition was observed in two
experiments conducted with hydrogen containing gas mixtures at low and medium
p02.

Table 4-3: The gas mixtures used in reduction of Comilog ore where the pairs of mixtures yield a high,

medium, and low oxygen partial pressure, respectively. The logarithm of the partial pressures at 650
°C was included for reference.

pO0: log(p0.) | 650 °C co CO, H;
High 221 - o o
Medium -22.9 23 2(6) 207
Low -23.6 ;3 2(6) 307

4.3.1 Weight loss and reduction behavior

Figure 4-28 shows the measured weight loss from the furnace balance for the
Comilog experiments. The horizontal dashed lines indicate different points of
theoretical weight loss which is marked on the right-hand side of the figure. H,O
refers to evaporation of bound water, while the Mn,O«Fe,Ox indicate the
theoretical average composition of the Mn and Fe oxides at the specific weight.
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Figure 4-28: Shows the measured weight loss from the furnace balance as a function of time for the
Comilog experiments in different gas mixtures. The dotted lines at the end of each experimental curve
connects the final weight measured by the furnace balance and that measured on the external
balance. Dashed lines indicate the contributions where the lines marked H,O indicates the weight loss
to the point where all bound water has evaporated. The other dashed lines indicate the weight loss
corresponding to when the average composition of the ore has reached Mn,03-Fe;03, Mn304-Fe304
and MnO-FeO in addition to the evaporation of water.

It is seen that all samples have achieved a weight loss consistent with
reduction to Mns04-Fe304 or below and that a higher weight loss was reached in
most of the experiments conducted at 605 °C and 515 °C. The dotted line at the
end of each experimental curve ends at the measured weight loss from the
external balance and it can be seen that the samples reduced in the CO/CO,
atmospheres has a larger deviation between the furnace weight and external
weight compared to the samples reduced in the hydrogen containing gas mixtures.
This is consistent with the observation of higher reoxidation in the CO/CO,
experiments compared to the experiments in H, containing gases (section 4.3.6).
The sample reduced in 37 %CO — 26 % CO, — 37 % H; lost weight for approximately
25 minutes before the weight started to increase. After termination of the
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experiment, it was discovered visually, that the source of the increased weight was
carbon deposition.

4.3.2 Reduction behavior of Comilog at 605 °C and 515 °C

In the initial experiments on Comilog ore at 605 °C and 515 °C, a high
reduction rate and an exothermal peak was observed (section 2.4.2). This is shown
in Figure 4-29, where the weight loss, CO in the off gas and measured temperature
is plotted as a function of time for the experiments conducted at 605 °C and 515 °C
in the 70 % CO — 30 % CO; atmosphere.
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Figure 4-29: Shows the measured weight, CO in the off-gas and temperature from the experiments
using low pO, without hydrogen at (a): at 605 °C and (b) at 515 °C. The vertical dotted line indicates
the point where the highest temperature is reached.

It can be seen that a high reduction rate and high consumption of CO
results in an exothermal peak. After the peak temperature was reached, there was
an abrupt change in the reduction rate, coinciding with the normalization of the
temperature and the CO content in the off-gas. In the 70 % CO — 30 % CO, gas
mixture at 605 °C (Figure 4-29a), the peak temperature was 728 °C whereas the
minimum CO content measured in the off-gas was 16 %. In the 30 % CO — 70 % CO;
experiment at 605 °C, the peak temperature was 697 °C while the CO in the off-gas
reached a minimum of 5.6 %. Much of the reduction had thus occurred at gas
compositions and temperatures far from the intended parameters. Similar
observations were made at 515 °C (Figure 4-29b).

88



%= 605 °C =& 515 °C

30 % CO - 70 % CO: i 16 % CO - 68 % CO:z - 16 % H:

1.00 A

0.75 A b

o[-]

0.50 A i

0.25 A b

0.00 L L L L

0.10 A 4

0.05 A 1

do/dt [1/s]

F
=

0.00 o .
1.00 1 70 % CO - 30 % CO2 | 37 % CO-26 % COz - 37 % H:

i

0.75 A

al-]

0.50 A

0.25 A

0.00

0.10 A

0.05 A

do/dt [1/s]

=1
B

0.00 : .

50 100 150 200 0 50 100 150 200
Time [min] Time [min]

o 4

Figure 4-30: Shows the fractional conversion and the reduction rate for reduction of Comilog ore at
605 °C and 515 °C. Markings (x) in contrasting colors indicate where the sample temperature reaches
the set temperature (set temperature in legend). The oxygen partial pressures correspond to the High
and Low pO; (Table 4-3).

Figure 4-30 shows the fractional conversion and the reduction rate of the
Comilog ore samples reduced at 605 °C and 515 °C as a function of time. Each
conversion curve has been marked at the point where the sample temperature
reached the set temperature. It can be seen that the degree of conversion in these
experiments is around 0.25-0.50 at the point where the sample reaches the set
temperature. However, as exemplified in Figure 4-29, a significant overshoot of the
set temperature was observed. For reference, a=0.59 corresponds to the
evaporation of all bound water in addition to reduction of all MnO, to Mn;0s
(Table 3-4). The highest reduction rates are observed in the samples reduced at
605 °C, whereas at 515 °C there is a double peak where the second peak is
associated with the high temperature increase (Figure 4-29b).
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4.3.3 Off-gas analysis for Comilog at 605 °C and 515 °C
The measured off-gas was calibrated in the same way as for Nchwaning ore
(details in Appendix D). It is expected that bound water is released in the early
stages of the experiment, however this cannot be observed directly in the off-gas
analysis since water is condensed prior to the off-gas analyzer.
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Figure 4-31: Shows the measured CO; and CO from the off-gas during reduction of Comilog ore in the
high pO; hydrogen free gas mixture.
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Figure 4-32: Shows the measured CO; and CO from the off-gas during reduction of Comilog ore in the
high pO; hydrogen containing gas mixture.

The off-gas measurements from the high pO, hydrogen free and hydrogen
containing gas mixture are shown in Figure 4-31 and Figure 4-32, respectively.
There were problems with the CO; analysis in the 30 % CO — 70 % CO; experiment
conducted at 515 °C (Figure 4-31), causing erroneous values for the most part of
the experiment. During the rapid reduction stage in the high pO, gas mixtures, the
CO; content exceeded the capacity of the analyzer on several occasions (Figure
4-31 and Figure 4-32). The difference plateau values of the maximum limit of CO; is
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partly due to that the calibration of the off-gas analyzer drifts to different absolute
values over time. In the 605 °C experiment in Figure 4-31, a software error caused
the cutoff value from the off-gas analyzer to be further decreased.

In the hydrogen free high pO;, gas mixture (Figure 4-31), the CO and CO;
approaches the input concentration towards the end of the experiment. The
reduction starts rapidly at the initial stages of the experiments and decelerates
until the point where the exothermal reactions cause a temperature and reduction
rate peak. A similar behavior can be observed from the CO; analysis of the high
pO, hydrogen containing gas mixture (Figure 4-32) at 515 °C. However, it is seen
that the CO concentration is higher than the input composition for a major part of
the experiments, indicating that the water gas shift reaction (WGSR:
CO+H,0=C0,+H,) is shifted to the left.
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Figure 4-33: Shows the measured CO, and CO from the off-gas during reduction of Comilog ore in the
low pO; hydrogen free gas mixture.

Figure 4-33 and Figure 4-34 shows the off-gas analysis for the low pO, gas
mixtures. CO and CO; in the hydrogen free gas mixture (Figure 4-33) display similar
but opposite behavior and stabilizes at the input composition after approximately
90 minutes, i.e. no more reduction occurs, which is consistent with the
observations based on the weight loss (Figure 4-30). In the hydrogen containing
gas mixture (Figure 4-34), CO is seen to stabilize at a higher level compared to the
input composition whereas CO, stabilizes close to the input composition, i.e. the
CO, content is higher than expected when considering the increased CO content,
which is consistent with carbon deposition by the Boudouard reaction
(2CO=C+C0,). Carbon deposition was observed in this experiment.
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Figure 4-34: Shows the measured CO, and CO from the off-gas during reduction of Comilog ore in the
low pO; hydrogen containing gas mixture.
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Figure 4-35: Shows reduction rate (top) based on weight measurements and the reduction rate based
on the consumed CO (bottom) from the first ~ 50 minutes of reduction from Comilog ore reduced at
515 °Cin (a) 30 % CO — 70 % CO; and (b) 70 % CO — 30 % CO; gas mixture. The blue and red fields are
separated at the minimum reduction rate between the peaks in the reduction rate curve. The numbers
are the contribution to the total degree of reduction by integrating the separate fields.

For the CO/CO; experiments, the consumption of CO is proportional to the
reduction rate of oxides. At 515 °C, it can be seen that the consumed CO in Figure
4-31 and the reduction rate in Figure 4-30 behave differently in the initial part of
the experiment. The reduction rate displays two peaks with similar intensity,
whereas the consumed CO show one small and one large peak. In Figure 4-35, the
reduction rate and the consumed CO has been plotted for the initial stages of the
(a) high and (b) low p0O, CO/CO, experiments at 515 °C. The second filled area in
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the reduction rate curves is selected to have an equal area to the first peak. The
corresponding degree of reduction for each part is calculated by integration and is
shown by the numbers on figure. The total conversion from the consumed CO is
assessed by comparing it to the consumed CO for the whole experiment and
removing the contribution from water evaporation. The difference between the
contribution to the degree of reduction between the rate and the consumed CO
for the first peak in both gas mixtures is 0.26-0.27 which is close to the expected
value from decomposition of bound water (=0.26, Table 3-4). Hence, most of the
water is evaporated in the first reduction rate peak, and the exothermal second
peak initiates when there is no bound water left in the sample.
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Figure 4-36: Shows the adjusted CO, CO, and H, composition with the calculated H,O composition for
the off-gas in the hydrogen containing gas mixtures at 515 °C and 605 °C. The shaded area in (b) is to
indicate the area of where the CO; content exceeded the capacity of the off-gas analyzer. (c): Carbon
deposition was observed in the experiment. Dotted lines show the equilibrium composition of each
gas mixture at the given temperature. Equilibrium gas compositions are calculated using HSC
chemistry 98. The equilibrium partial pressure of H, and H,0 are nearly identical (=8.0) in the 16 % CO
—68 % CO,— 16 % H, gas mixture at 605 °C.

Figure 4-36 shows the calculated off gas composition from the
experiments run in hydrogen containing gas mixtures at 515 °C and 605 °C. Similar
to the calculations on the Nchwaning ore experiments, the hydrogen content of
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the off gas is taken as the remainder up to 100 % from the off-gas analyzer and the
H,O content is calculated by assuming that the sum of CO and CO; entering and
exiting the crucible is constant. In the high pO, experiment at 515 °C (Figure 4-36a)
it can be seen that CO is consumed at the start of the experiment and at the peak
corresponding to the exothermal peak (~ 20 min) where also significant amounts
of H; is consumed. In the remainder of the experiment, the concentration of the
components in the gas stabilizes between the input composition and the
equilibrium composition of the WGSR. In the high pO. experiment at 605 °C (Figure
4-36b) it seems to be a discrepancy between the relative distance from equilibrium
comparing the carbon containing gases and the hydrogen containing gases.
However, this may simply be caused by the known error in the CO gas analysis in
this experiment.

In the low pO; experiment at 515 °C (Figure 4-36c¢), both CO and H, are
consumed in the initial part of the experiment to produce CO, and H,0. Carbon
deposition was observed in this experiment after most of the reduction had taken
place (Figure 4-30). From the off-gas analysis it is seen that the H; and H,O is close
to the equilibrium composition determined by the WGSR while the CO and CO;
composition is further away. This may be explained by the combination of the
WGSR (CO+H,0=C0,+H>) and the reverse Boudouard reaction (2CO=C+C0O,). When
the reverse Boudouard reaction occurs, CO is consumed, and CO; is produced
which causes the WGSR to be shifted further to the left. More H; is consumed, and
more H,0 is produced, as seen in Figure 4-36¢, while the CO content is lower, and
the CO; content is higher than what would be expected from the occurrence of the
WGSR alone.

Based on the gas composition at the end of experiments, it is seen that the
WGSR is active but not at equilibrium. These experiments describe the behavior of
the ore at 605 °C and 515 °C under these conditions, however it was decided to
continue further investigations at lower temperatures to get higher resolution data
and to avoid the exothermal peak.

4.3.4 Reduction behavior of Comilog at 455 °C, 410 °C and 365 °C

During reduction at 455 °C, 410 °C and 365 °C, the exothermal reactions
increase the temperature compared to the set temperature, though the large
accelerating CO consumption and temperature spike observed at higher
temperatures (i.e., Figure 4-29), was avoided. Figure 4-37 shows the measured
weight, CO and temperature from the hydrogen free experiments at 455 °C. It can
be seen that the highest consumption of CO and the highest reduction rate occurs
prior to the peak temperature for both gas mixtures, thus the changes are caused
by the reduction behavior of the ore itself, rather than the increased temperature.
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Figure 4-37: Shows the measured weight, CO in the off-gas and measured temperature from
experiments conducted at 455 °C, at (a): low pO; and (b): high pO,. The vertical dotted line indicates
where the highest temperature has been reached.

The fractional conversion and reduction rate of the Comilog samples
reduced in the different gas mixtures at 455 °C, 410 °C and 365 °C, is shown in
Figure 4-38. The marks (x) on the curves indicate where the sample reaches the set
temperature. The samples reduced at 410 °C and 455 °C show a similar extent of
reduction, as do the samples reduced at 410 °C and 365 °C in the 37 %CO — 26 %
CO; — 37 % H, gas mixture. The reduction rate is seen to increase with increasing
temperature for all gas mixtures. Carbon deposition was observed in the 27 % CO —
46 % CO, — 27 % H, experiment at 455 °C, which correlates with the decrease in
fractional conversion at the end of the experiment.
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Figure 4-38: The fractional conversion and the reduction rate for Comilog ore reduced at 365 °C, 410
°C and 455 °C in different gas mixtures. Markings (x) in contrasting colors indicate the point where the
sample temperature reaches the set temperature (temperature in the legend). pO, decreases when

moving down in the figure (low, medium and high pO;, Table 4-3)
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Figure 4-39: shows the fractional conversion curves for selected experiments; (a) - hydrogen free gas
mixtures at 410 °C, (b) - hydrogen containing gas mixtures at 410 °C, (c) - low pO, at 365 °C, (d) —
medium pO; at 410 °C, (e) - high pO; at 455 °C.

Figure 4-39 shows conversion curves and reduction rates for selected
samples. The reduction rate increase with decreasing pO; in the hydrogen free
(Figure 4-39a) and in the hydrogen containing (Figure 4-39b) gas mixtures. The
reduction rate and the reduction extent increases with addition of hydrogen at

97



constant pO; for low (Figure 4-39c), medium (Figure 4-39d) and high (Figure 4-39e¢)
p0O,, however it is seen that up to a conversion of approximately 0.2 the reduction
rate (and the degree of conversion) are equal for the hydrogen containing and
hydrogen free parallels at the same temperature.

4.3.5 Off-gas analysis for Comilog at 455 °C, 410 °C and 365 °C
The measured off-gas was corrected in the same way as for the 605-515 °C
Comilog ore experiments and Nchwaning ore experiments (details in Appendix D).
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Figure 4-40: Corrected CO and CO; off-gas content from the experiments conducted in high pO;
hydrogen free atmospheres.
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Figure 4-41: Corrected CO and CO; off-gas content from the experiments conducted in medium pO;
hydrogen free atmospheres.

Figure 4-40, Figure 4-41 and Figure 4-42 shows the corrected CO and CO;
off gas concentration from the hydrogen free experiments at high, medium, and
low pO,, respectively. The CO and CO; curves are seen to behave similarly but
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opposite of each other, which is consistent with CO being consumed in the
reduction of the oxides to produce CO,. The high consumption of CO as a result of
the rapid reduction stage at higher temperatures (i.e., Figure 4-33) is not observed
in this temperature range. The measured off-gas composition is within +10
percentage points of the input composition for all experiments, with one exception
(70 % CO — 30 % CO,, 455 °C). It is seen that the consumed CO (and produced CO,)
increases with decreasing oxygen partial pressure and with increasing
temperature, which is consistent with the observations from the weight loss
behavior.
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Figure 4-42: The corrected CO and CO; concentration in the off-gas from the hydrogen free
experiments at different pO..
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Figure 4-43: The sum of CO and CO; from the off-gas analysis of the medium pO; hydrogen containing
experiments.

Figure 4-43 shows the sum of the analyzed CO and CO, from the medium
pO; hydrogen containing experiments. Similar to the observation from Nchwaning
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ore, the sum of CO and CO; exiting the crucible is higher than the input amounts
for the early stages of the experiments. As explained previously, this is caused by
condensation of the water content of the off-gas, effectively concentrating the
remaining species.
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Figure 4-44: Shows the adjusted CO, CO, and H, composition with the calculated H,O composition
from the high pO, hydrogen containing experiments. Dotted lines show the equilibrium composition
(calculated by HSC chemistry 918) of the gas mixtures at each temperature and gas mixture.

In Figure 4-44 and Figure 4-45, the adjusted CO, CO; and H; content and
the calculated H,O content are shown as a function of time for the high and
medium pO; experiments, respectively. In the initial part of the experiments where
reduction occurs, it is seen that CO and H; is consumed, while CO, and H,O is
produced. At the end of the 365 °C experiments, the off-gas composition is seen to
stabilize at a similar level to the input composition. Hence, the rate of the WGSR is
low, or it is not occurring at all at this temperature. At the 410 °C and 455 °C, it can
be seen that the off-gas composition at the end of the experiments is shifted
toward the equilibrium composition established by the WGSR, hence, the WGSR is
occurring but is not at equilibrium. Figure 4-46 shows the gas composition from
the low pO; experiments, where it is seen that the input composition is close to
the equilibrium composition of the WGSR for both temperatures.
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Figure 4-45: Shows the adjusted CO, CO; and H, composition with the calculated H,O composition
from the medium pO, hydrogen containing experiments. Dotted lines show the equilibrium
composition (calculated by HSC chemistry 918) of the gas mixtures at each temperature and gas
mixture.
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Figure 4-46: Shows the adjusted CO, CO, and H, composition with the calculated H,0 composition
from the low pO, hydrogen containing experiments. Dotted lines show the equilibrium composition
(calculated by HSC chemistry 918) of the gas mixtures at each temperature and gas mixture.
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4.3.6 Reoxidation after reduction

The oxidation after the experiments was measured after the reduced samples had
cooled to below 25 °C in flowing Ar gas. Following the introduction of synthetic air,
an increased temperature and weight was observed. Figure 4-47 shows an
example of such measurement. There is a weight loss of 0.41 g (Figure A-4)
associated with the introduction of synthetic air due to its lower density compared
to Ar. Compensating for this weight loss, it is seen that the weight and the
temperature starts to increase immediately after introducing the synthetic air. The
measured oxidation, compensated for the gas density differences, are given in
Table 4-4. A duplicate was measured on the high pO; hydrogen containing parallel,
where the difference between the two duplicates were less than 0.35 %.

Table 4-4: Shows the measured oxidation in wt% of the initial sample weight for the samples reduces
at high, medium and low partial pressures with and without H, in the reducing atmosphere.

pO: High Medium Low
T[°C] | CO/CO; w/H; CO/CO, w/H; Co/Cco, w/H,
365 1.05 0.54* 1.46 0.65 3.83 1.01
410 - - 2.99 0.49 - -
455 1.40 - 2.89 0.41 2.78 -

*Two measurements within +0.002 wt%

- =not analyzed

The reoxidation is seen to be higher for the samples reduced without H; in
the gas mixture and it increase with decreasing pO, with one exception; The
samples reduced in the CO/CO; gas mixture at 455 °C shows a slight decrease in
oxidation from medium to low pO,.

-10.0 200
~10.5 L 175
~11.0 1 L 150
5 ~115 F125
) Q
£ -120 L 100 =
Q
= _12.5 L 75
~13.0 1 L 50
~13.51 L 25
-14.0

395 400 405 410 415 420 425 430
time [min]
Figure 4-47: Example from the measured reoxidation of the sample reduced using with medium pO,

at 410 °Cin the hydrogen free gas mixture. Developed temperature in red and measured weight in
blue.
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4.4 Characterization of Comilog

The unreduced Comilog ore was investigated using quantitative mineralogy
analysis (AMS). The content of different minerals was quantified, and selected
microstructures were investigated. Additional data from AMS can be found in
Appendix F. Selected lumps from the reduced Comilog ore were analyzed by uCT

4.4.1 AMS - Unreduced ore

Various minerals were identified using the chemical composition acquired by
Energy-dispersive spectroscopy (EDS) measurements. Two different areas of the
sample were investigated covering a total of 33.7 mm? and a few thousand
different particles. Table 4-5 shows the content of different minerals in the sample.
It is seen that MnO;, — type oxides are most predominant. The most predominant
gangue mineral in Comilog is quartz. Since hydrogen is undetectable, pyrolusite
and nsutite are classified as the same mineral, as are hematite and goethite. Some
of the phases in the microstructure of Comilog ore are finely intergrown, hence
there are some uncertainties regarding the quantification of the phases since
measurement on parts of the microstructure may include several minerals. In the
case of bixbyite, the Mn/Fe ratio was close to 1 for about 50 % of the phase, which
may indicate intergrown iron and manganese oxides. Bixbyite is not commonly
found in Comilog ore”>°,

Table 4-5: Shows the abundance of different minerals in Comilog ore. Includes the minerals with more
than 5 wt% of the sample in addition to hematite and quartz. The range in composition is given by the
difference between the analysis of two different areas in the sample.

Mineral Formula Area% Wt%***
Nsutite, Pyrolusite Mn(O,0OH),, MnO, 63-64  71-72
Lithiophorite (Al,Li)MnOy(0OH); 10-11 10-10
Bixbyite* (Mn,Fe),0s 5-7 6-8
Cryptomelane KMngOss 5-8 5-8
Hematite** Fe;0s 2.4-25 2.4-24
Quartz SiO, 1.2-3.6 0.7-2.2

*High (~50%) Fe content
**Includes all phases with >50 %Fe

***Calculated using the average composition of the identified phase

An example of the mineral identification of a particle is shown in where
nsutite/Mn0O, and lithiophorite is seen to be the most predominant phases.
Different microstructures in Comilog ore were investigated and is presented using
the backscatter (BS) image together with the Energy-dispersive spectroscopy (EDS)
analysis of Mn, Fe, Al, K and Si. Manganese oxides in Comilog are mainly in the
form of MnO,, where different oxides may be distinguished based on their content
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of additional elements, e.g. cryptomelane and lithiophorite contain K and Al,
respectively®.

(a)
Figure 4-48: Shows the backscatter image and the quantification of a particle from Comilog ore.
Green =nsutite/MnQ,, purple — lithiophorite. Minor areas of clay minerals and cryptomelane are also
identified.

Figure 4-49 shows two particles with plain microstructures and similar
element content based on the backscatter image. The lack of additional elements
in Figure 4-49a indicates that the particle may consist of nsutite or pyrolusite,
which are prevalent phases in Comilog ore*%, The potassium content of the
particle in Figure 4-49b, indicates cryptomelane.

BS
B0 um
Al

(a) (b)
Figure 4-49: Shows the backscatter image and EDS analysis for Mn, Fe, K, Al and Si for two grains (a)
and (b). The color scale at the left of each figure relates to the wt % of each element in the EDS
images.
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Figure 4-50 shows a grain of manganese oxide that contains both Al and K.
The Al content indicates the lithiophorite phase while the K indicates
cryptomelane. Based on the distribution of Al and K, the grain consists of a mixture
between the two minerals.

100 %

100 um

0% K Al Si

Figure 4-50: Shows the backscatter image and EDS analysis for Mn, Fe, K, Al and Si. The color scale at
the left relates to the wt% of each element in the EDS images.

In Figure 4-51, a composite structure is seen, with nsutite or pyrolusite at the
center, which is surrounded by a ring of cryptomelane inside a ring of lithiophorite.

Figure 4-51: Shows the backscatter image and EDS analysis for Mn, Fe, K, Al and Si. The color scale at
the left relates to the wt% of each element in the EDS images.
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(b)

Figure 4-52: Shows the backscatter image and EDS analysis for Mn, Fe, K, Al and Si for two grains (a)
and (b). The color scale at the left of each figure relates to the wt % of each element in the EDS
images.

Figure 4-52 shows two examples of microstructures with intergrown
phases/minerals where both are predominately manganese oxides. Figure 4-52a
contains Al and Si whereas the particle in Figure 4-52b contains Al and Fe.

4.4.2 pCT measurements

One lump of unreduced ore and four lumps of reduced ore were analyzed by uCT.
The microstructure of the different lumps was seen to be quite different from each
other, though there were some similarities and a few observations based on these
similarities could be made.

Figure 4-53: uCT image of unreduced Comilog ore.

The reduced samples were selected from the low pO; experiments at 410
°C and the high pO, experiments at 605 °C to investigate differences between
samples reduced with and without hydrogen in the reducing atmosphere. The
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reduced samples ended up with a fractional reduction (a) in the range 0.87-0.96.
For reference, an average composition of (Mn,Fe);04 and (Mn,Fe)O corresponds to
0=0.75 and a=1, respectively (Table 3-4). The results are shown as cross sections
from the different particles obtained in the uCT analysis.

Figure 4-53 shows a cross section of an unreduced Comilog ore lump. The
dark areas inside the particle are natural porosity and a layered structure of
minerals with different average densities can be observed.

Figure 4-54 shows uCT images from samples reduced in low pO;
atmosphere at 410 °C. The samples are seen to have similar appearance and
density; hence it is assumed that their microstructure is the same. It can be seen
that the areas surrounding the cracks for the sample in Figure 4-54a has a lower
intensity, which is consistent with oxygen depletion, i.e., the diffusional resistance
of the reducing gas is lower in the open cracks, increasing the degree of reduction
in the surrounding areas. This is not seen in the sample reduced in the presence of
hydrogen (Figure 4-54b). The gas transport may still be improved by the existence
of cracks; however, it seems that hydrogen is able to penetrate deeper into the
uncracked microstructure. In further work, these indications should be verified by
SEM investigations.

(a) (b)
Figure 4-54: uCT images of Comilog ore reduced at 410 °C at low pO; in (a) hydrogen free and (b)

hydrogen containing atmospheres. The degree of conversion based on the furnace weight loss are (a):
0.90 and (b): 0.91.
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(b)

Figure 4-55: uCT images of Comilog ore reduced at 605 °C at high pO; in (a) hydrogen free and (b)
hydrogen containing atmospheres. The degree of conversion based on the furnace weight loss are (a):
1and(b): 0.92.

In Figure 4-55, the uCT images from samples reduced in high pO;
atmosphere at 605 °C, is shown. The microstructure of these samples is markedly
different from the microstructure seen in Figure 4-54. The sample reduced without
hydrogen (Figure 4-55a) is seen to have a region of natural porosity through the
center and a layered structure similar to the structure observed in the unreduced
lump (Figure 4-53). These are compared in Figure 4-56. However, the density
(intensity) is generally lower for the reduced sample, which is consistent with
reduction. In addition, the reduced sample is seen to be more porous and contain
cracks.

(a) (b)
Figure 4-56: Shows similar microstructures in (a): Unreduced Comilog lump (close up of Figure 4-53)
and (b): reduced Comilog lump (close up of Figure 4-55a).
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4.4.3 Decrepitation

Multiple sieve sizes were used to determine the decrepitation behavior. To assess
the decrepitation of Comilog ore, the weight fraction of particles above 3.35 mm
was used. The full dataset is given in Appendix E. Figure 4-57 shows the
decrepitation behavior of Comilog ore as a function of temperature. The
decrepitation is seen to increase with decreasing temperature.
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Figure 4-57: Shows the decrepitation as wt% above 3.35 mm from Comilog samples reduced in
different gas mixtures as a function of temperature. The trendline was made using a Lowess filter with
a smoothing parameter of 0.9.

Figure 4-58 shows the decrepitation as a function of O/Mn ratio after
reduction for the Comilog experiments. The decrepitation is seen to increases with
increasing degree of reduction (reduced O/Mn ratio) for O/Mn above 1.15.
Between O/Mn = 1.15-1, the decrepitation decreases with increasing degree of
reduction. The samples reduced at 605 °C and 515 °C have been reduced the most
and decrepitated the least.
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Figure 4-58: Shows the decrepitation as wt% above 3.35 mm from Comilog samples reduced in
different gas mixtures as a function O/Mn ratio. The O/Mn ratio is calculated from the measured
weightloss assuming all bound water has decomposed. The trendline was made using a Lowess filter
with a smoothing parameter of 0.6.
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4.5 Carbon deposition

Carbon deposition was observed in some of the experiments reduced in hydrogen
containing gases. Figure 4-59 shows the two Comilog samples where carbon
deposition was observed; reduced at 515 °C in low pO, (Figure 4-59a) and reduced
at 455 °C in medium pO, (Figure 4-59b). The pictures were taken directly after
removal from the crucible.

(a) (b)

Figure 4-59: Samples from experiments where carbon deposition was observed after extraction from
the crucible. (a): Sample reduced at 515 °C in the low pO; H, containing atmosphere. (b): Sample
reduced at 455 °C in the medium pO; H containing atmosphere.

Figure 4-60: Shows the +9.5 mm particles from the Nchwaning ore sample reduced in the low pO; gas
mixture at 605 °C.

Figure 4-60 shows the larges particles after reduction in the low pO2 gas
mixture at 605 °C. Some of the carbon is sticking to the particles, two of the
particles in the highlighted area are almost completely covered with carbon.
Carbon was also observed in the other particle size fractions of the same sample,
particularly in the <500 um fraction.
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5 Discussion

The behavior of Nchwaning and Comilog ore has been investigated at different
temperatures when exposed to gas mixtures with and without hydrogen varying
the oxygen partial pressures of the gas mixtures. In this chapter the results are
analyzed and discussed.

In the first section, the reduction behavior of the ores is discussed with
emphasis on the observations during the experiments and analysis. The second
section focuses on the reduction rate, and in that context a model is developed
and compared to a previously developed model based on other types of
experiments. In the third section, the focus is put on other observations during
reduction of manganese ore, some that were planned to be measured prior to the
experimental work, i.e., decrepitation and the water gas shift reaction, and some
that were discovered during the experimental work i.e., reoxidation and carbon
deposition. In the last section, the experimental results from this work is put into
context of industrial production.

5.1 Reduction behavior

Both Nchwaning and Comilog ore have high manganese content, but as seen in the
literature review and results sections they are mostly different when it comes to
chemical and mineralogical composition, gangue mineral content and reduction
behavior. Consequently, the reduction behavior of each ore is discussed
separately.

5.1.1 Reduction behavior of Nchwaning ore

From the mineralogical analysis and XRD it was seen that the manganese content
in Nchwaning ore is in (Mn,Fe),03 type oxides (bixbyite, braunite (I and Il) and
neltnerite) with minor amounts of manganite (MnOOH) and hausmannite (Mn304).
The mineralogical analysis indicated 0.9-1.5 wt% hematite (corresponding to 0.6-1
% Fe) while the chemical analysis revealed a content of 8.75 wt% Fe in the
unreduced ore. Hence, most of the iron in the ore is in solid solution with the
manganese oxides.

Hausmannite (Mn30,) is identified in the raw ore, in all samples reduced
for 30 minutes and in most of the samples reduced for 90 minutes. By the intensity
of the diffraction pattern peaks, the content of hausmannite does not increase
compared to the content in the unreduced ore. Hence, the hausmannite initially
present in the ore is reduced, and the Mn,0; oxides are reduced to manganosite
without the formation of stable hausmannite as an intermediary phase. There
were several samples where bixbyite/braunite and monoxide were present,
without indications of hausmannite. This is in agreement with previous
observations by Berg and Olsen’®, who observed mostly manganosite and bixbyite
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after partial reduction at 700-800 °C, and Larssen!®®, who found that any
hausmannite formed as an intermediary product, rapidly converted to
manganosite during reduction. From studies of synthetic manganese oxides,
stepwise reduction was only observed in oxidizing and inert atmospheres,
whereas, in reducing atmospheres, MnO; reduced to MnO without the formation
of stable intermediaries!*12312%5
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Figure 5-1: Main peak from the monoxide phase of one of the samples reduced for 210 min in 70%
C0-30% CO; at 700 °C.

The XRD analysis also showed that samples with high iron content
(chemical analysis) often retained hematite or magnetite when reduced in CO/CO,,
but not when hydrogen was used. This indicates that the presence of hydrogen
improves the reduction of iron oxides, as previously observed in the reduction of
iron ores!® % No metallic iron was seen in any of the samples, but iron was
observed to dissolve as FeO in manganosite (MnQ), as shown in Figure 5-1 where
the monoxide (MnO-FeO) peak from the XRD-pattern of a fully reduced sample is
shifted towards higher iron contents. Figure 5-2 shows the Mn-Fe-O phase diagram
at 600 °C where the ore composition and utilized oxygen partial pressures are
indicated. From the figure it is seen that for pure iron oxide, metallic iron is the
stable iron containing phase for low pO; gas mixtures and magnetite is stable for
the high pO, gas mixtures. The presence of MnO however effectively enlarges the
stability range of FeO due to its lowered activity in solid solution with MnO thus
making FeO the stable iron oxide. This applies for the whole temperature range
used in this work for Nchwaning ore. The existence of the MnO phase thus aids the
reduction of magnetite to FeO, while it simultaneously inhibits the reduction of
FeO to metallic iron. The stabilization of FeO by MnO has also been observed in

other investigations®¢7-70,
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Figure 5-2: Phase diagram for the Mn-Fe-O system showing the stable phases as functions of oxygen
partial pressure and composition. Calculated with Factsage using the FToxid, FTmisc and FactPS
databases?’. Composition of Nchwaning and Comilog ore is indicated. The shaded area indicates the
range of oxygen partial pressured utilized in this work.

According to the stoichiometry of the minerals, the reduction of braunite (I
and Il) and neltnerite to (Mn,Fe)O should leave excess CaO and SiO; in the reduced
sample. The chemical analysis of the unreduced ore showed that the total content
of SiO; and CaO is 4.4 and 5.93 wt%, respectively. Neither SiO; or CaO were
observed in the XRD patterns, thus the content of free SiO, and CaO were below
the detection limit of XRD (i.e. ~ 1 %*) or accumulated in the remaining Mn,0O3
oxides. The different braunite type minerals (braunite (I and IlI) and neltnerite)
display a wide range of solid solubility, and braunite with twice the amount of SiO,
and three times the amount of the CaO, compared to the stoichiometric
composition, has been measured in samples from the same ore body as
Nchwaning ore*®®. A significant fraction of CaO is bound as carbonate and free
Ca0 may have entered the monoxide phase. Formation of tephroite (Mn,SiO4) was
seen in most of the samples reduced at 790 °C for 210 minutes. Manganese in
tephroite has the same oxidation state as manganese in manganosite; hence, the
formation of tephroite has no further impact on prereduction compared to
reduction to manganosite.

Mn;0s-phases were measured in many of the samples where chemical
analysis stated that they were fully reduced (O/Mn) = 1. In all cases where parallel
experiments were analyzed, the sample with the higher iron content had a lower
or equal O/Mn ratio. This implies that the oxygen measurement in the chemical
analysis underestimates the oxygen content of the sample. Recent work by Bao et
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al. [Prema project — unpublished®?], showed that the lower oxides of iron (Fe;O4
or FeO) indeed gives an underestimation of the oxygen content. The measured
weight loss however (Figure 4-1), indicated that the samples in question were
close to fully reduced, thus the O/Mn measurement from chemical analysis is close
to the actual composition. The degree of conversion for the different gas mixtures
and temperatures can be seen in Figure 5-3, where according to the average
composition most of the samples reduced at 700 °C is close to fully reduced with
no or limited carbonate decomposition, whereas for the samples reduced a 790 °C,
some carbonates have decomposed in addition to the reduction.
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Figure 5-3: Shows the degree of conversion at the end of the Nchwaning experiments. The horizontal
lines indicate the corresponding oxides (average composition). Reduction from (Mn,Fe)O to +CO;
(a=1) indicates the decomposition of carbonates.

Carbonates were present in all XRD patterns with lower peak intensity
compared to the unreduced material, which is consistent with the measured
weight loss that indicated that a fraction of the carbonates has decomposed
(Figure 5-3). From chemical analysis it was seen that carbonate decomposition
increased with increasing temperatures, albeit the differences were small (Figure
4-6). The observed carbonate decomposition can be explained by the fraction of
Mg, Mn and Fe in the carbonate phase(s), which was observed in the mineralogical
analysis. Calcite (CaCOs) is stable at the investigated temperatures. This is
consistent with the observations from Ringdalen et al.®°, where carbonate
decomposition in Nchwaning ore was seen to occur in two distinct stages, where
the stage at the highest temperature was consistent with calcite decomposition.
Similar observations has also been made for UMK ore®®®92 The observed
temperature dependence indicates that most of the Mg, Mn and Fe carbonates
decomposes throughout the course of the experiments and that the remaining
fraction of carbonates is predominantly calcite.
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Figure 5-4: Shows an overview of the reaction paths of Nchwaning ore in the temperature range 605 —
790 °C.

Nchwaning ore is relatively heterogeneous, as seen by the content and
distribution of different phases, evidenced by the different microstructures and
XRD analysis. The reduction occurs in different manners in the different minerals,
as seen from the EPMA results where particles from the same experiment are
reduced differently, one displaying a topochemical reduction mechanism while the
other does not. These details account for some differences at the microscopic
level, nevertheless, the overall reduction of Nchwaning ore follow a consistent
trend. Figure 5-4 summarizes the main observations of the reduction path of
Nchwaning ore between 605 °C and 790 °C; (Mn,Fe),0s-type oxides are reduced to
(Mn,Fe)O without the formation of stable intermediary oxides. Hausmannite
(Mn30.) originally present in the ore is reduced to MnO while hematite (Fe,0s) is
reduced to magnetite (Fes04) and further to FeO which enters the MnO-FeO solid
solution phase. A fraction of carbonates associated with Fe, Mn and Mg cations
decompose to their respective monoxides while calcite remains in the samples.

5.1.2 Reduction behavior of Comilog ore

As in Nchwaning ore, Comilog ore contains a range of minerals. Most of the
minerals in Comilog are of the MnO, type oxides, i.e., nsutite, pyrolusite,
lithiophorite and cryptomelane. A minor content of bixbyite was identified in the
mineralogical analysis. Iron is found as hematite/goethite and in bixbyite, while
quartz is the most predominant gangue mineral. The chemical analysis shows
about 5 wt% Al,Os, which is mostly found in the lithiophorite and 0.8 % K,O which
originates from the cryptomelane. Chemically bound water is found in nsutite,
lithiophorite and goethite. With the exception of bixbyite, the same phases were
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identified by Rietveld analysis by Sorensen et al.*® (Table 2-2) albeit the distribution
of minerals were somewhat different. The bixbyite was identified based on the
relative manganese and iron content, however as seen in the microstructure (e.g.
Figure 4-48), Comilog ore contains finely distributed and intergrown phases that
are close to the resolution limit of the mineralogical analysis, hence the identified
bixbyite may simply be an artifact of analysis points falling on the boundaries
between iron and manganese rich minerals.

Due to oxidation of the Comilog samples after reduction, it was not
possible to verify the extent of reduction with chemical analyses after the
experiments. The extent of reduction was hence determined by the weight loss
and initial chemical analysis. The total bound water content was estimated using
the reduction curves and off gas analysis from the samples reduced in the low pO;
hydrogen free mixture at 515 °C and 605 °C (Figure 5-5). Reduction was complete
after approximately 90 minutes. Assuming that the samples are fully reduced at
this point and comparing with the theoretical weight loss, a bound water content
of 4.9 % is found. This value is in the middle of the range reported in other
investigations for Comilog ore3>8792133 variation in the bound water content of the
ore will impact the contribution to the fractional conversion (a). For the range
reported in literature (3.2-6-5 %), the contribution to the fractional conversion
based on the chemical analysis in this work is 0.18-0.31, while the value of 4.9 %
found in this work gives a contribution of 0.26.
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Figure 5-5: Fractional conversion for the low pO; hydrogen free gas mixture as a function of time.

It was previously seen (Figure 4-35) that at 515 °C, the decomposition of
bound H,0 and reduction of oxides run in parallel in the initial part of the
experiments until all H,O had evaporated. This was also seen in Reiersen®? and in
Larssen'3. The off-gas analysis from the CO/CO, experiments can be used to
estimate the weight loss from the reduction of oxides based on the produced CO,
throughout the experiments.
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Figure 5-6: Shows (a),(c),(e): the reduction curves from the measured weight and from the off-gas
analysis for reduction of Comilog ore in CO/CO2 gas mixtures and (b),(d),(f): The difference in between
the measured weight and off-gas weight corresponding to the water content.
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In Figure 5-6 a, c and e, the measured weight loss and the weight loss
based on the off-gas analysis have been plotted together and it can be seen that
the start of the off-gas curve has been set to -4.9%, which corresponds to the
measured water content. Figure 5-6 b, d and f, shows the difference in weight loss
between the two approaches. This difference is equivalent to the removal of
bound water since the reduction of oxides by CO gas should give the same
behavior in the weight measurements and the off-gas analysis. In the initial part of
the experiments, the bound water is removed rapidly, and the rate of water
removal increases with increasing temperature.

For the lower temperatures (365-455 °C), it does not seem like the water is
fully removed i.e., the curves in Figure 5-6 b, d and f does not reach zero after the
initial rapid decline. Conversely, the experiments at higher temperatures show a
higher weight loss from water compared to the theoretical water content. If these
discrepancies were caused by variation in the water content between samples, the
removal of water would not be expected to depend on temperature, as appears to
be the general trend (Figure 5-6 b, d and f). The temperature dependency may
have the simple explanation that not all water is removed at the lower
temperatures. However, as seen in the work of Doose and Donne>? more than 90
% of the structural water had decomposed at 350 °C in synthetic nsutite. In
addition, Larssen®*® reduced Comilog ore with a similar particle size distribution as
the one used in this work, and found that all bound water had decomposed below
360 °C, where XRD analysis revealed that all nsutite and lithiophorite had
dehydrated and converted to pyrolusite after isothermal reduction at 400 °C.
Hence it is improbable that there is a significant content of bound water in the
samples after the reduction is complete in the current experimental conditions.
The heating rates are significantly higher in this work, however since the utilized
gas mixtures (in Figure 5-6) has no retarding effect on water evaporation (no H,0
in the input gas) the water decomposition is only a function of temperature, thus
altering the heating rate should only affect the rate of decomposition, not the
extent. In the experimental section, the buoyancy of the crucible in the setup was
seen to give a temperature dependent deviation on the measured weight loss. This
deviation mostly canceled itself out as time progressed and a thermal steady state
was reached i.e., about 40 minutes into the experiment, making it a possible
influence to the discrepancy between the theoretical water loss and the
observations from Figure 5-6. In addition, it was seen that the error in the CO off
gas analysis is highest during the initial part of the experiments when the high
consumption of CO causes the largest differences from the calibrated value. The
deviation is not entirely systematic in relation to temperature and while some
degree of random variation of the weight loss can be expected, such as observed
in the experimental section, different samples may in fact contain different

119



amount of bound water due to differing distribution of minerals. Based on the
time it takes for the curves to stabilize to a near linear trend (i.e., similar behavior
of weight loss and consumed CO) it seems like a small fraction of the bound water
is slowly decomposing up until 90-100 minutes for the lower temperatures,
particularly at 365 °C.
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Figure 5-7: Shows the fractional conversion and reduction rate from the first 50 minutes of the 50%
CO — 50 % CO; experiments (this work) compared to conversion based on chemical analysis from
Larssen'33 using the same gas mixture.

Figure 5-7 shows the fractional conversion and the reduction rate from the
initial part of the medium pO, CO/CO; experiments in addition to the conversion
based on chemical analysis from Larssen®3 for the same gas mixture where it can
be seen that the reduction obtained in Larssen is similar to the reduction obtained
in this work. Larssen®®® found that the product from MnO, reduction was
predominantly Mn3Os and MnO below and above 370 °C, respectively. The very
same behavior was observed during reduction of synthetic MnO, by de Bruijn et
al.¥j.e. MnO; reduced stepwise via Mn30, to MnO at lower temperatures (275 °C
— 325 °C) while MnO, was reduced directly to MnO at 400 °C. In Figure 5-8, two
peaks in the CO consumption can be seen at about 15-20 minutes reduction. After
the sample reach 370 °C, the CO consumption increases due to the increased
reduction rate of Mn;0,4 above this temperature.
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Figure 5-8: Shows the measured temperature and CO in the off gas for the first 120 minutes of the
medium pO; hydrogen free experiment conducted at 410 °C.
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Figure 5-9: The measured temperature and CO content in the off-gas for the Comilog experiments run
at 515 °C and 605 °C in CO/CO; gas mixtures.

Another feature that was apparent from the Comilog experiments was the
rapid reduction and high exothermal peak at the higher temperature experiments
(515 °C and 605 °C). This behavior has been observed in several studies during
non-isothermal reduction of different MnO, type ores3”:425487,92.94,98,126,127,133 Eig re
5-9 shows the measured CO and temperature in the initial 40 minutes of the 515
°C and 605 °C experiments using CO/CO, gas mixtures. For the 515 °C experiments,
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this exothermal peak is seen to initiate close to 20 min reduction time when the
sample reached a temperature of about 550-580 °C (Figure 5-9 a and b), which is
similar to the threshold temperature for the exothermal peak identified by
Larssen'® for Comilog ore (580 °C), where it was seen that the remaining MnO,
converted to Mn,0s in a combination of reduction and thermal decomposition.
Exothermal reactions are also occurring prior to this point, as evidenced by the
measured temperature surpassing the set temperature of the experiment. The
occurrence of Mn,0s; after the rapid reduction step may be due to that the rapid
reduction causes more oxidizing conditions. Ringdalen et al.?® found that oxygen
was present in the off-gas during the rapid reduction stage of Comilog ore using a
70 % CO — 30 % CO; gas mixture. This confirms the observation from Larssen!3
that during the rapid reduction stage, a combination of reduction and thermal
decomposition occurs. It also shows the presence of more highly oxidized
conditions, making it possible for Mn,03 to be stable during this event. In the
samples reduced at 605 °C (Figure 5-9 c and d), the exothermal temperature peak
is obscured by the increased temperature due to high heating input from the
furnace. However, a high consumption of CO is seen to initiate around 9.5 minutes
for both gas mixtures, which corresponds to a temperature of about 400 - 500 °C.
This is lower than the threshold temperature identified previously, however it
could indicate the change between MnO; reducing via Mn30s to MnO and the
direct reduction of MnO; to MnO which was seen to occur above 370 °C. An
additional peak initiate at about 580 °C for the 70 % CO gas mixture (Figure 5-9d)
which correlates in temperature to the rapid reduction observed in the 515 °C
experiments and from other works. This is not seen in the 30 % CO experiment
(Figure 5-9c¢), which may be due to the fact that the CO in this experiment is nearly
exhausted at this point.
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Figure 5-10: Shows the measured temperature and CO in the off-gas from the initial part of the low
pO, CO/CO; experiment at 455 °C.
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The rapid reduction and high exothermal peak (MnO, — Mn,0;
reduction/decomposition) was not observed at the lower temperature
experiments (365 - 455 °C). Figure 5-10 shows the CO and temperature
measurements from the first 30 minutes of the low pO, CO/CO, experiment
conducted at 455 °C. The maximum CO consumption, i.e., the highest reduction
rate of oxides, is seen to occur prior to the sample reaching the set temperature,
and the temperature overshoots the set temperature due to the continued
occurrence of the exothermal reduction reactions as seen by the consumed CO.
From the peak reduction rate, the sample temperature increases about 100 °C in
the 10 minutes following the peak reduction rate and the reduction rate decreases
continuously throughout this period. This may be explained by increased diffusion
resistance within the particles as reaction progresses, where the reduction rate is
decreased due to the diffusion resistance to such an extent that it overcomes the
increased driving force due to the increased temperature. This is also consistent
with the observed content of intermediate oxides in Larssen® since a
concentration gradient through the product layer of the particles will expose the
phases to less reducing conditions compared to the bulk gas composition®. This is
consistent with previous observations where during reduction of GE ore (a high
MnO, ore), Berg”” found that the ore was reduced in a shrinking core fashion,
where reduction was controlled by diffusion. Also Larssen!®® observed that
Comilog samples reduced isothermally followed a shrinking core pattern.
Reduction was seen to occur from the edge towards the center of the particle and
along cracks in the particles, which is in agreement with this work.
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Figure 5-11: Shows an overview of the reduction path for Comilog ore.

Figure 5-11 shows the main reduction paths for Comilog ore. The main
product from reduction of MnO; phases are Mn304 and MnO, where the latter is
predominant above 370 °C. Below this temperature, the reduction rate of Mn3;0,4
to MnO is slower than the reduction rate of MnO; to Mn3O. causing an
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accumulation of Mn304 in the sample. The decomposition of bound H,O seen to
occur at the initial part of the experiments with the rate of decomposition
increasing with increasing temperature. The O/Mn ratio from chemical analysis of
1.91 corresponds to 83.4 % MnO; and 16.6 % Mn,03. Mn,03; phases are generally
not found in unreduced Comilog ore**!3, When hydrated manganese minerals
such as lithiophorite and nsutite decompose, the fraction of manganese previously
bound to water may convert into Mn,0s; which explains its occurrence during
reduction at lower temperatures. If the sample reaches the point of rapid
reduction and high exothermal temperature peak, any remaining MnO; reduces
and decomposes to Mn;0s. The continued presence of intermediate oxides at
higher temperatures!* may be explained by a concentration gradient through the
particles caused by diffusion limitation giving less reducing conditions in the
interior of the particles’”°. Comilog ore contains a relative low amount of iron as
hematite and goethite that will eventually enter in solid solution with the
manganese oxides.
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5.2 Reduction rate

The degree of conversion and the reduction rates was shown in the results section
for Nchwaning (Figure 4-2) and Comilog ore (Figure 4-30 and Figure 4-38) where it
was seen that the reduction rate increased with increasing temperature,
decreasing pO; and with the addition of H; at constant pO,. Due to the reduction
during the heating period of the ore, a significant fraction of the samples was
converted prior to the samples reaching the set temperature of the experiments
i.e., during the heating period. After reaching the set temperature, the sample
temperature increased further due to the ongoing exothermal reactions, hence a
significant proportion of the reduction occurred at temperatures other than the
set temperature of the experiment. Figure 5-12 shows the reduction rate as a
function of degree of reduction for (a): the Nchwaning experiments conducted at
790 °C and (b): the Comilog experiments conducted at 410 °C. The symbols on the
graph indicate the points where the set temperature (X) and the peak temperature
(triangle) of each experiment is reached. The vertical dotted lines indicate the
average composition and are added for reference even though the specific phases
are not necessarily present (see section 5.1.1 and 5.1.2).

30 % CO, 70 % CO2 - - 27 % CO, 46 % CO2, 27 % H2
— 70 % CO, 30 % CO= === 50 % CO, 50 % CO:
—-= 16 % CO, 68 % CO2, 16 % H= # Set temperature
=== 37 % CO, 26 % CO2, 37 % Hz V¥ Peak temperature

(Mn, Fe)304 {Mn, Fe)O MnO, Mn,03  Mn304
H H 0.05 A
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0.04 0.044
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da/dt
day/dt
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(a) (b)
Figure 5-12: Shows the reduction rate as a function of degree of reduction for the Nchwaning
experiments conducted at 790 °C and the Comilog experiments conducted at 410 °C, (a) and (b)
respectively. The set temperature is indicated in each figure and the point where the sample reaches
the set temperature is marked (X) for each experiment. Triangles mark the point at which the highest
temperature is reached in each experiment. Vertical dashed lines indicate the average composition of
stable oxides. Reduction past (Mn,Fe)O is decomposition of carbonates.

For Nchwaning ore, the set temperature is reached close to the point of
maximum reduction rate and the peak temperature is reached at a later stage due
to the continued occurrence of exothermal reactions. However, despite that the
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temperature increase following the set temperature, the reduction rate decreases.
This was also pointed out previously when looking at the consumption of CO
(Figure 5-10) and is consistent with diffusion controlled reduction®®*'>*, Comilog
ore is seen to behave similarly as the Nchwaning ore in that the set temperature is
reached at or after the peak reduction rate. The reduction of Comilog ore is more
complex compared to Nchwaning ore in that twice as much oxygen has to be
removed to achieve full reduction and that hydrated minerals decompose at the
same time as the reduction of oxides and is concentrated in the initial part of the
experiments.

5.2.1 The effect of hydrogen on reduction

The presence of hydrogen has a significant positive effect on reduction rate and
extent of reduction for both Nchwaning and Comilog ore at the temperatures
investigated in this work. Figure 5-13 shows the fractional conversion as a function
of time for the Nchwaning samples reduced at 790 °C and the Comilog samples
reduced at 410 °C where all gas mixtures are included. The improved reduction
rate when using hydrogen seen in this work is consistent with the observations
during non-isothermal reduction by Larssen and Tangstad'?” and by Ngoy et al.»?®,
In these studies, as well as in the current work, each pair of gas mixtures were
chosen such that a hydrogen free and hydrogen containing gas mixture would yield
an equal thermodynamic driving force (pO3).

30 % CO, 70 % CO= === 37 % CO, 26 % COz, 37 % H2
—— 70 % CO, 30 % COz - 27 %CO0, 46 % COz, 27 % Ha2
—= 16 % CO, 68 % CO2, 16 % H2 === 50 % CO, 50 % CO2
790 °C 410 °C
1.0 1.0 4

g

0.81 0.81

0.6 0.6 1

0.4 0.4

0.2 1 0.2 1

0.0+

T T T T T 0.0 1 . . r 1
0 50 100 150 200 0 50 100 150 200
Time [min]

Time [min]

(a) (b)
Figure 5-13: The fractional conversion as a function of time for the (a) Nchwaning experiments at 790
°C and (b) Comilog experiments at 410 °C.

The established oxygen partial pressures in the gas mixture pairs in this
work, is equal at about 650 °C and varies slightly over the temperature range
studied. Above 650 °C, the driving force is slightly higher in the hydrogen
containing gas compared to the hydrogen free ones and vice versa. The hydrogen
containing atmospheres were seen to yield significant improvements in the
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reduction rates for both ores, regardless of temperature. Hence, these slight
differences in applied thermodynamic driving force is insignificant compared to the
effect hydrogen in the gas mixture. Similar observations of the improved effect of
hydrogen in the gas mixture has also been done in the reduction of iron ores,
where addition of H, while keeping the driving force similar greatly improves
reduction due to the improved diffusion of H, compared to CO*>'%¢, To compare
the diffusion of different gases, the binary diffusion coefficients for H,-CO,, CO-CO,
and H;-H,0 are shown in Figure 5-14. The diffusion coefficient of H, in CO; is about
4 times higher than CO in CO; while the diffusion coefficient of H; in H,O is 5.5
times that of CO in CO,. Hence, it is not only the presence of H,, but also the
reaction product H,O that improves the diffusion properties of hydrogen
containing gas mixtures. In this work, the presence of hydrogen improved the
reduction at constant thermodynamic driving force of the reducing gas mixture;
hence it can be concluded that the improved reduction rate was a result of
improved mass transfer properties of the reducing gas and the product gas.

I

400 500 600 700 800
Temperature [°C]

Figure 5-14: The binary diffusion coefficients for H,-H,O, H,-CO, and CO-CO,. Calculated by the
method of Fuller et al.*57, details in Appendix G.

The effect of improved mass transfer is not unique for the change of mass
transfer characteristics of the reducing gas. Improved reduction has also been seen
using the same gas mixtures but changing the mass transfer characteristics of the
solid material, i.e., the porosity. The positive correlation between reactivity of
manganese raw materials and increased porosity was shown in Figure 2-9. It could
be argued that some of these differences is caused by unequal chemical
composition and/or heat treatment (e.g., pellets and sinter). However, after
changes in the materials while retaining similar properties by cold pressing of
pellets®® or by engineering the porosity of a material while using the same thermal
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treatment®, it has been seen that increased porosity improves the reduction of
manganese materials.

5.2.2 Modeling

It has been seen that the different prereduction reactions occur in series
and/or in parallel. To further analyze the prereduction rates of the ores under
different conditions, modeling is done. This type of experiment is designed to look
at the overall kinetics of the pre-reduction process, so the purpose of modeling is
to obtain a quantitative description of the prereduction process in different gas
mixtures that includes the total contributions from all the prereduction reactions.
To obtain this, the reaction order model was utilized, and is shown in equation
(16), where da/dt is the reduction rate, ko is the apparent pre-exponential
constant, E, is the apparent activation energy, R is the universal gas constant, T is
temperature, a is the degree of conversion and x is the reaction order. The
modeling equation was fitted to the experimental data using a nonlinear least
squares method.

da_
dt

K(T)f () = ko exp (— Rf‘(lt)) 1- ). (16)

All experiments at a given temperature was conducted using the same
experimental program, except for the input gas composition. Despite this, the
exothermal reactions create different temperature regimes for the parallel gas
mixtures. An example of this is shown in Figure 5-15, where the measured sample
temperature in the medium pO, Comilog experiments can be seen. The measured
temperature for each experiment was used in the modeling to account for the
variations in temperature, as indicated by the T(t) in equation (16).

600
500 -
[9)
< 400
o
3
& 300 1
()
o
£ 200 -
S :
1004 55 e 50 % CO, 50 % COz
F —=- 27 % CO, 46 % COz, 27 % H:
0 - T T T T T T T
0 10 20 30 40 50 60 70
Time [min]

Figure 5-15: Shows the measured temperature during reduction of Comilog samples using the
medium pO; gases.
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To isolate the effect of the CO content in the CO-CO, gas mixtures, ko in
equation (16) is separated into the apparent pre-exponential constant for the
reactions, k, and the CO-content contribution according to equation (17)%°%:

Pco,\™
ko =k (o — (22) ") = kit (17)

Where pCO and pCO; are the partial pressures of CO and CO; respectively,
K is the equilibrium constant, and m is the order of which the partial pressure of
CO in the CO-CO; gas mixtures affect the reaction rate. The simplification in the
latter part of the equation is valid under the assumption that the forward reaction
is much larger than the back reaction. For the reduction of Mn3;04 to MnO, the
error by this assumption is less than 0.03 % in the experimental range. The H;
containing parallels have an equal oxygen partial pressure, thus the
thermodynamic driving force is the same as in the CO-CO, parallels. To compare
the two, the driving force is represented as (1-pCO,). The values of m and k are
obtained by taking the slope and intercept of the linear regression of the plot In(ko)
vs In(1-pCO,) and the following model expression is obtained (equation (18)):

da E
— =kexp (— —a) (1 — )" P(i-co, (18)

Each ore was fitted to a single activation energy and reaction order. This
approach allows for the direct comparison of the pre-exponential constant to
assess the relative effects of changing partial pressure or adding hydrogen. For
Nchwaning ore, an apparent activation energy from the high and low pO; parallels
of 68 kl/mol and a reaction order of 2 was found from the model fitting. The
reduction rate curves in Figure 5-16 is seen to fit reasonably well with the
superimposed model (dashed lines). The apparent pre-exponential constants from
the model fitting are shown in Table 5-1.

Table 5-1: Shows the pre-exponential constants, ko, according to equation (17) from modeling of the

Nchwaning results. E, = 68 ki/mol and x = 2. The predicted reduction curves from the model
parameters are superimposed on the measured reduction rate in Figure 5-16.

pO; Gas Mixture ko [1/min]

High 30% CO - 70% CO2 24
16% CO - 68% CO2 - 16% H:2 82

Low 70% CO - 30% CO2 85
37% CO - 26% CO2-37% H2 156
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The low pO; hydrogen containing gas mixture gives the highest reduction
rates while the high pO, hydrogen free gas gives the lowest. Reducing the oxygen
partial pressure in the hydrogen free gas (increasing the CO content from 30 % to
70 %) increases the reduction rate by a factor 3.5 at constant temperature. The
model derived from non-isothermal experiments in Larssen et al.!® predicts a 3.6-
fold increase in the reduction rate by increasing the CO content from 30% to 70%,
which is very similar to this model.
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Figure 5-16: Shows the reduction rate with superimposed model predictions for each temperature.
Nchwaning ore experiments at high and low oxygen partial pressure.

For Comilog ore, an apparent activation energy of 23.2 kJ/mol and a
reaction order of 2 was found to best represent the reduction rate. The apparent
pre-exponential constants from the model fitting are shown in Table 5-2. The
predicted reduction rates based on the model parameters are superimposed
(dashed lines) on the reduction rate curves in Figure 5-17. It can be seen from the
figure that a reasonable fit is achieved in most of the gas mixtures. The largest
deviations are seen in the medium pO; hydrogen free gas mixture. This value of
the preexponential constant gives the lowest sum of squares. The misfit between
the measured and predicted curves is caused by the high reduction rate difference
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between the rapid decomposition of water, which is only temperature dependent,
and the relatively slower reduction of oxides that follows (Figure 5-12).

Table 5-2: Shows the pre-exponential constants, ko, according to equation (17) from modeling of the
Comilog results. E, = 23 ki/mol and x = 2. The predicted reduction curves from the model parameters
are superimposed on the measured reduction rate in Figure 5-17.

pO0: Gas Mixture ko [1/min]
High 30% CO - 70% CO2 1.88
16% CO - 68% CO2 - 16% H2 291
Medium 50% CO - 50% CO2 1.55
27% CO - 46% CO2 - 27% H2 4.27
Low 70% CO - 30% CO2 3.77
37% CO - 26% CO2 - 37% H2 4.99

To assess the dependency of reaction rate on reducing gas composition,
equation (17) is utilized. In Figure 5-18, the logarithm of ko is plotted as a function
of In(1-CO3) and the parameters m and k are determined based on the slope and y-
intercept of the linear regression between the points.

Table 5-3 contains the kinetic parameters based on the results obtained in
this work. The determined kinetic parameters apply for reduction of Nchwaning
and Comilog ore in CO/CO; gas mixtures and in in CO/CO; gas mixtures containing
hydrogen containing where the H,/CO ratio is 1. Comparing the rate constants, and
including the influence from the reducing gas content, it is seen that the
introduction of hydrogen at constant partial pressure improves the reduction rate
by factors of 1.8-3.4 and 1.7-1.9 for Nchwaning and Comilog ore, respectively, for
the conditions studies in this work. In Figure 5-18b, the medium pO; rate constant
for the hydrogen free gas mixtures is seen to be off the perceived line between the
low and high pO; points. The values of k and m excluding this point was also
calculated and is given in parenthesis in the table.
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Figure 5-17: Shows the reduction rate with superimposed model predictions for each temperature and
gas mixture for Comilog ore.
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Figure 5-18: The dependency of reaction rate on gas composition for (a): Nchwaning ore and (b):
Comilog ore.

Table 5-3: Values obtained from modelling of Nchwaning and Comilog ore using equation (18).
Numbers in parenthesis are excluding the medium pO;

Parameter Nchwaning Comilog
co/co, CO/CO,/H, CO/CO, CO/COs/H;

3.82

k Rate constant 144 196 6.18
(5.05)

Ea Activation 68.1 68.1 23.2 23.2

energy

X Reaction order 2 2 2 2
0.72

m Order of 1-CO; 1.49 0.76 0.65
(0.82)

Gao et al'® investigated fines of an undisclosed manganese ore in CO/CO;
gas mixtures between 400-700 °C and found that the reduction rate was
dependent on the pco (=1-pcoz for CO/CO, gas mixtures) to the power of 1, which is
approximately midway between the dependencies of Comilog and Nchwaning
found in this work. Larssen'** found the same dependency to be 0.7 and 1.5 for
Comilog and Nchwaning ore, respectively, when reducing the ores non-
isothermally up to 1000 °C, which is very similar to the observed dependency in
this work.

5.2.3 Model simulations
The kinetic model developed in this work is based on isothermal experiments
whereas the model developed in Larssen'®® was based on non-isothermal
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experiments. As seen in the previous section, the models are similar in some
respects, i.e., the dependency on CO content, however there are also differences.
The rate constant in this work and in the work of Larssen*? are not directly
comparable due to slight differences in the activation energies and since Larssen'3?
also included the contribution from the particle size distribution. The model
expression from Larssen is given in equation (19) where rzf is the particle size
dependency, B is the heating rate and da/dT is the reduction rate on a
temperature basis while the other variables are the same as described in equation
(17) and (18).
3—? = %exp <— %) (1 - o)piery (19)

Using the particle size distribution from this work in Larssens!* model and

. . da _ dadT dT

converting the temperature-based rate to the time-based rate (—a = —a—,— =
dt ~ dr dt’ dt

B), the two models can be compared directly.
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Figure 5-19: The rate constant k(T) with pco 0.3 and 0.7, as a function of temperature for (a):
133

Nchwaning ore and (b) Comilog ore using the models from this work (Schanche) and from Larssen

The general expression for the reduction rate is % = k(T)f(a). In Figure

5-19, the rate constant, k(T), from the two models are calculated as a function of
temperature for Nchwaning and Comilog ore using pco of 0.3 and 0.7. It is seen
that the rate constant in this work is higher under all conditions compared to the
rate constant in Larssen!®. The rate constants for Comilog are higher compared to
Nchwaning ore, which reflects the higher reactivity of Comilog ore that was
observed experimentally. The same reaction model (f(a)) is used for both ores
within each investigation i.e. (1-a) in Larssen'® and (1-a)? in the current work. The
reaction models give different contributions to the reduction rate and must be
included to fully describe the reduction of the ores. Figure 5-20 shows simulated
reduction rates for the first 30 minutes of isothermal reduction of Nchwaning and
Comilog ore using the models developed in this work and by Larssen!3 for
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reduction at low pO,. The simulations show that the model developed in this work
has a higher initial reduction rate and a low final reduction rate compared to the
model from Larssen!®. The hydrogen containing gas mixture obtains a higher
initial reduction rate compared to the hydrogen free gas mixtures, which is as
expected based on the experimental results.

Isothermal - Nchwaning Isothermal - Comilog
0.07 1 \ —— Schanche - CO-COz 0.1501 \ —— Schanche - CO-CO2
0.06 - \‘ —— Schanche - CO-COz-Hz 01254 % —— Schanche - CO-COz-Hz
\ —— Larssen - CO-CO: \‘ —— Larssen - CO-CQ2
0051 S, e 605 °C 01004 Y 365 °C
J ~ -=-- 790 °C \ ——- 515°C
+ 0.04 . = AT
o S N $00759 N N
1

=]

© 0.03 Seel S W
0.0501 "

0.02

0.01 4 0.025 A

0.001 N 0.000 1
6 é 1‘0 1‘5 Zb 2‘5 30 0 5 10 15 20 25 30
Time [min] Time [min]
(a) (b)
Figure 5-20: Simulated reduction rates for the initial part of isothermal reduction of (a) Nchwaning

and (b) Comilog ore. Reduction at low pO; based on the model expressions in this work (Schanche)
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and in Larssen~". pCO = 0.7 for hydrogen free gas mixtures and (1-pCO;) = 0.74 for the hydrogen
containing gas mixture.

The effect of the different reduction rates for the different models on the
degree of reduction is shown in Figure 5-21. The figure shows simulated reduction
curves for isothermal and nonisothermal reduction of Nchwaning and Comilog ore,
plotted using the model developed in this work and the model developed by
Larssen®3, for reduction at low pO,. The temperatures and heating rates for the
simulations were selected based on temperatures and heating rates in the
respective investigations.

The reduction rates from the model in this work is higher in the initial part
of the reduction, as was seen in Figure 5-20, however it is seen that the degree of
reduction based on Larssen’s model eventually exceeds the degree of reduction
based on the model in this work. This is a consequence of the different
mathematics used for the rate expressions; however, the mathematics is selected
to best represent the experimental observations. From the Nchwaning ore results
in this work, it was seen that limited decomposition of carbonates occurred. This
was as expected in this temperature range; however, the slow decomposition rate
of carbonates causes the model to rightfully predict a slow reduction rate towards
the end of the experiments (Figure 5-21a and c). This effect is not prevalent in the
work of Larssen3 where the bulk of the experiments were ended at 1000 °C and
carbonate decomposition occurred between 800-1000 °C. In Mukono et al.®” it was
found that the peak reduction rate of carbonates in Nchwaning ore occurred at
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about 900 °C, hence, during the experiments up to 1000 °C in Larssens work, the
reduction rate was not impeded due to slow carbonate decomposition.
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Figure 5-21: Shows simulated reduction curves for reduction at low pO; based on the model

expressions in this work (Schanche) and in Larssen®, pCO = 0.7 for hydrogen free gas mixtures and

(1-pCO;) = 0.74 for the hydrogen containing gas mixture.

For Comilog ore, the deviation between the simulated curves from the two
different models are more prevalent in the initial part of the reduction curve
(Figure 5-21b and d). Due to the rapid heating rate in the isothermal experiments,
water was expelled at a high rate from early stages of the experiments in this
work. Coupled with the reduction of oxides, this gave a large reaction rate peak in
the initial part of the experiments. In most of Larssen’s experiments, the rapid
reduction/decomposition peak occurred around 580 °C thus giving a larger
contribution to the reduction rate at higher temperatures, which is consistent with
the deviation between the different models.
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5.3 Miscellaneous side effects

Reactions besides reduction and decomposition of original constituents of the ore
was also seen to occur during the experiments. This section covers the occurrence
of the water gas shift reaction, soot formation and reoxidation of the ore after
reduction as well as decrepitation.

5.3.1 Water gas shift reaction

The occurrence of the water gas shift reaction (WGSR, equation (13)),
which is repeated below for convenience, was observed during reduction with
hydrogen containing gas mixtures, and it was seen that the extent of the reaction
increased with increasing temperature. Figure 5-22 shows the reaction quotients
(Q) calculated from the gas composition at the end of the experiments and
equilibrium constants (Keq) of the WGSR. The equilibrium constants are strictly
different for the different gas mixtures, however the maximum deviation between
the calculated Keq’s for the different gas mixtures is less than 0.05, making it
practically indistinguishable in the graph.

C0O(g) + H,0(g) = H,(g) + C0,(g) (13)

®  Onchwaning W 37 % CO-26%C0z2-37 % H:

®  Qcomiog + 27 %CO-46 % COz-27 % H:
— K, < 16 % CO-68 % COz- 16 % H:
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Figure 5-22: Shows the reaction quotients (Q) from the final gas composition of the hydrogen
containing experiments and the equilibrium constant, Keq, from the water gas shift reaction, as a
function of temperature. The equilibrium constants were calculated using HSC Chemistry1é

At 365 °C, the gas composition was similar to the input composition, and
there is a large deviation between the reaction quotient and the equilibrium
constants (Figure 5-22), indicating that the WGSR is inactive at this temperature.
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As the temperature increases, the deviation between the reaction quotients and
the equilibrium constants decreases, and it is seen that the WGSR is close to
equilibrium at 790 °C. These findings are in agreement with previous observations;
Davies®* observed that a significant fraction of CO, from decomposition of
carbonates was converted to CO during reduction of UMK ore in H; and H,/H,0 gas
mixtures at 700-900 °C. During reduction of Comilog ore in CO/CO,/H,O and
CO/CO; gas mixtures with similar pO,, Larssen and Tangstad'?” observed that the
reduction rate of Comilog ore was improved due to the occurrence of the WGSR
above 430 °C. Lobo®” reduced Nchwaning ore isothermally at 950 °C and found
that the WGSR was close to equilibrium for all tested CO - CO; - H; - H.0 gas
mixtures.

5.3.2 Carbon deposition

Carbon deposition has been observed for several conditions in this and in other
investigations during reduction of manganese ores’%87,92126127.133 The conditions at
which carbon deposition was observed has been summarized in Table 5-4, and
deposition generally occurs in gas mixtures with high CO content or when H; is
present.

Table 5-4: Show the material, gas composition and temperatures where carbon deposition was
identified in various investigations. Single temperatures indicate isothermal experiments and ranges
indicate the temperature range where carbon deposition occurred in non-isothermal experiments.

Atmosphere Temperature Material Source
[%CO/%CO/%H:] [°C]

27/46/27 455 Comilog This work
37/26/37 515 Comilog This work
37/26/37 605 Nchwaning This work
41/41/18 630-800 Comilog Ngoy et al.1?
41/18/41 630-800 Comilog Ngoy et al.’?®
80/20/0 400-780 Comilog Larssen®
80/20/0 400-780 Quartz Larssen!33

70/17.5/12.5 390-500 Comilog Larssen and Tangstad'?’

70/17.5/12.5 550-700 Nchwaning Larssen and Tangstad!?’

43.8/43.8/12.5 400-700 Nchwaning Larssen and Tangstad!?’

Carbon deposition was not seen in any of the experiments conducted in
CO/CO, gas atmospheres in this work, however it has been seen in other works
when using high CO contents. Larssen!** compared the carbon deposition during
reduction, with carbon deposition on a quartz sample using the same temperature
conditions in a 80 % CO — 20 % CO, atmosphere. Carbon deposition occurred to a
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lesser extent when the temperature range of carbon deposition overlapped with
temperatures where ore was reduced due to depletion of the CO. A similar
observation was done in this work and can be seen in Figure 5-23 which shows the
weight loss as a function of time for reduction of Comilog ore in the low pO,
atmosphere. An increase in the weight after about 30 minutes reduction can be
seen for the experiment conducted at 515 °C. This weight increase was caused by
carbon deposition, however prior to the weight increase, the weight behaves as
expected, i.e., higher reduction rate compared to the lower temperature
experiments. No evidence of carbon deposition was seen prior to this point,
presumably due to depletion of CO and H; by reduction of the ore.

37 % CO - 26 % COz2 - 37 % Hz

0.0
— 365°C
=237 --- 410°C
—~ 504 ™ e 515 °C
5 5.0
£ 751
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2 -10.01
-12.5
-15.0 1~ . ; : ;
0 50 100 150 200

Time [min]
Figure 5-23: Shows the weight loss as a function of time for Comilog ore reduced at low pO.

The stability of CO increases with temperature (e.g., Figure 1-3); hence carbon
deposition is expected at low temperatures and high CO contents. If the carbon
deposition is governed by the Boudouard reaction (reaction (9), repeated below
for convenience), the activity of carbon can be calculated for different CO/CO,
L Peo,
Keq Pco,
atmospheres, carbon deposition may also be caused by the reaction between H;
and CO (reaction (20))°8.

ratios using the equilibrium constant (i.e. a, = In hydrogen containing

C+C0,=2C0 (9)
C0(g) + Hy(g) = C + H,0(g) (20)

The calculated activity of carbon as a function of temperature for the input
composition of the gas mixtures utilized in this work is shown in Figure 5-24. When
the activity of carbon reaches unity, solid carbon is stable and carbon deposition is
possible, and below 580 °C carbon is stable for all gas compositions. The driving
force for carbon deposition increases with increasing carbon activity, hence the
carbon deposition is expected to increase with increasing CO/CO, ratio and
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decreasing temperature. The input gas composition of the hydrogen containing gas
mixtures in this work has a lower CO/CO; ratio compared to the corresponding
CO/CO; gas mixtures which results in a lower ac by the Boudouard reaction (Figure
5-24). On the other hand, the driving force for carbon deposition by reaction (20) is
high since there is no H,0 in the input gas.

—— 70 % CO - 30 % CO: —:= 27 % CO - 46 % COz - 27 % H:

—— 37%CO-26%CO2-27 % Ha 30 % CO - 70 % CO2

—-- 50 % CO - 50 % CO2 ——- 16 % CO - 68 % COz - 16 % H:
107

aC

107!+

1073

400 500 600 700 800
Temperature [°C]

Figure 5-24: The activity of carbon based on the Boudouard reaction as a function of temperature for
the gas mixtures used in this work. Solid lines — Low pO,, dash-dot lines — medium pO;, dashed lines —
high pO..

As seen from the previous section, the WGSR is active under most
conditions. Assuming that the WGSR is at equilibrium, increases the CO content
and decreases the CO; content for the hydrogen containing gas mixtures used in
this work. The increased CO content due to the WGSR was also seen in Larssen and
Tangstad!?” where it was correlated with carbon deposition. Figure 5-25 shows the
measured CO/CO; ratio and the equilibrium CO/CO; ratio, assuming the WGSR is at
equilibrium, from the experiments conducted in hydrogen containing gas mixtures.
The CO/CO; ratio from the hydrogen free experiment is also indicated in the figure.
Below about 650 °C, the measured and the equilibrium CO/CO, ratios is seen to be
lower compared to the corresponding CO/CO, gas mixtures, i.e., the WGSR
establish conditions where carbon deposition according to the reverse Boudouard
reaction has a lower driving force in hydrogen containing gases compared to the
CO/CO; gas mixtures at the same pO,. Regardless, carbon deposition was only
observed in the H2 containing gas mixtures, indicating that the carbon deposition
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is more kinetically favorable in hydrogen containing gas mixtures compared to
CO/CO; gas mixtures.
® Equilibrium ratio B 37%CO-26%CO0z2-37 %H:

® Measured ratio * 27 % CO-46 % COz2-27 % H:2
4 16 % CO-68 % COz-16 % H:
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Figure 5-25: Shows the CO/CO, ratio for the measured off-gas composition at the end of the
experiments with hydrogen containing gas mixtures and the CO/CO, ratio from the WGSR at
equilibrium as functions of temperature. Dotted lines indicate the CO/CO; ratios for the CO/CO; gas
mixtures used in this work.

5.3.3 Reoxidation

The occurrence of reoxidation of Comilog ore was discovered about halfway into
the experimental series, and the reoxidation at room temperature was measured
for the remaining experiments. Oxidation of manganese oxides has been
investigated previously. Teguri et al.*! reduced manganese ore with solid carbon in
a rotating kiln in the temperature range 1000-1150 °C. Reoxidation of prereduced
ore in air was investigated where the ore was found to oxidize rapidly above 600
°C. Chemical analysis indicated that the product of oxidation was Mn304 at 600 °C
and 700 °C while limited oxidation was observed in the temperature range 300-500
°C. Barner and Mantell'? observed that MnO from reduction of synthetic
pyrolusite oxidized in air when reduction was conducted at temperatures < 500 °C.
No oxidation occurred in the partially reduced samples that did not contain MnO.
Nanjundaswamy and Sankarshanamurthy®® devised a method to stabilize MnO
against oxidation in air. Heat treatment at 750-800 °C was seen to remove the
active sites for oxidation of MnO and the produced MnO was stable upon heating
in air up to 440 °C. Above this temperature, the MnO oxidized to Mn304. Heating in
inert or reducing atmospheres at 1000 °C or doping with other oxides would
achieve the same stabilizing effect on MnO®™°. Thus, it is seen that MnO may
oxidize to MnsQy4 in air if it is produced at low temperatures.
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In this work, all measurements were done on samples reduced at low
temperatures (< 455 °C) since the reoxidation was discovered after the higher
temperature experiments (515 °C and 605 °C) were conducted. The degree of
reduction before and after reoxidation is shown in Figure 5-26 where the hollow
and filled symbols represent the degree of conversion before and after
reoxidation, respectively. The reduction degree of the samples reduced in CO/CO,
atmospheres were close to or exceeded the average composition of Mn30, after
reoxidation, indicating that all or most of the MnO oxidized. The samples that
exceeded an average composition of Mn3;04 probably had remaining MnO, and/or
Mn03 since oxidation of MnO does not exceed Mn30,4 during heating in air up to
440 °C*°, This is also consistent with the observed reduction paths (Figure 5-11).

<1 16 % CO, 68 % COz, 16 % H2 30 % CO, 70 % CO:
& 27 % CO, 46 % CO2, 27 % H2 € 50 % CO, 50 % CO2
O 37 % CO, 26 % CO2, 37 % H2 <& 70 % CO, 30 % CO:

1.0 A MnO
H L]
0.9 A o om ﬁ ® ©
<@ 8
<
0.8 A ©
*
SO % .......................................................... a ......... M" O
0.7 * e
t 4
0.6 4 *
................................................................................. Mn203
0.51
365 °C 410 °C 455 °C

Temperature [°C]

Figure 5-26: The degree of reduction before reoxidation (hollow symbols) and after reoxidation (filled
symbols) for different temperatures. Horizontal lines indicate the manganese oxide corresponding to
the degree of reduction.

In the samples reduced in the hydrogen containing gas mixtures, only a
small proportion of the MnO was oxidized (Figure 5-26). This may indicate that the
presence of hydrogen somehow reduces the amount of active sites for reoxidation
of MnO, however in the work of Barner and Mantell**?, reduction was done in pure
hydrogen and reoxidation was still observed.

The fraction of produced MnO in the hydrogen containing experiments
may not be accessible to O, due to different diffusion properties. In Figure 5-27, it
can be seen that CO and O, has similar diffusion coefficients in CO, while the
diffusion coefficient of H, is significantly higher. This is also consistent with the
observations from CT analysis (Figure 4-54), where after reduction with H,, the
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remaining higher oxides were seen to be more evenly distributed. Differences in
mineral distribution may also affect reoxidation since it is the MnO that oxidizes.
As an example, a composition of 100 % Mn304 and a composition of 38% MnO; —
62 % MnO both correspond to a degree of conversion of 0.72 (e.g., Figure 5-26).
No definitive conclusion can be made based on the results in this work, further
investigation is needed since reoxidation is an important factor that needs to be
accounted for in the design and operation of a pre-treatment unit.
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=== Hz-Hx0 ””
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£ 0z2- N2z _ - "—’4’
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Figure 5-27: The binary diffusion coefficients of selected pairs of gases. Calculated by the method of
Fuller et al.157, details in Appendix G. The binary diffusion coefficient of O, — N3 is included for
reference

Oxidation of Nchwaning ore was not observed. The characteristic olive
green color of MnO%%° was retained in fully reduced Nchwaning samples,
indicating that Nchwaning ore did not oxidize. The MnO produced by reduction of
Nchwaning ore was previously shown to contain significant quantities of FeO
which may have stabilized the MnO against oxydation®®°.

5.3.4 Decrepitation

It was seen in the results section that the decrepitation of Nchwaning ore was
correlated with temperature, reducing gas mixture and degree of reduction. The
reduction temperature directly influences the degree of reduction since the
reduction rate is higher at higher temperatures, as does the different gas mixtures
due to their influence on the reduction. Comparing different gas mixtures and
temperatures at similar degree of reduction did not reveal any trends, hence it
seems that the decrepitation of Nchwaning ore is dependent on the degree of
reduction and that the degree of reduction in turn is dependent on temperature
and reducing gas mixture. Similar observations were made in Larssen®*® and in
Bigrnstad®*®8, Figure 5-28 shows the decrepitation as wt % larger than 3.35 mm for
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reduction of Nchwaning ore as a function of O/Mn ratio from this and other
investigations. The decrepitation of Nchwaning ore is similar for different heating
regimes, thus supporting the observation that decrepitation is a function of degree
of reduction for Nchwaning ore.
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Figure 5-28: The wt% larger than 3.35 mm after reduction of Nchwaning ore, as a function of O/Mn
ratio. The initial particle size in Bigrnstad®*%8, Reiersen®? and this work were 10-13.2 mm, 10-12.5
mm, and 9.5-15 mm, respectively.

For Comilog ore it was seen that the decrepitation decreased with
increasing temperature, particularly the samples reduced at 605 °C and 515 °C
displayed low degree of decrepitation despite them being close to fully reduced.
Figure 5-29 shows the decrepitation of Comilog ore from this and other works as a
function of O/Mn ratio. Both Larssen®* and Reiersen® observed that decrepitation
increased with decreasing heating rate for Comilog ore (Figure 5-29). Biswas et
al.'® investigated an Indian ore and found that the main mechanism for
decrepitation was rapid expulsion of water and phase changes causing stress and
rupture in the particles. However in Faria et al.??, it was observed that the
decomposition of hydrated minerals had a lower effect on decrepitation in the
ores with highest porosity. Larssen!3® observed that samples that obtained a higher
degree of reduction prior to the rapid exothermal peak decrepitated more, i.e. low
temperature reduction increases decrepitation for Comilog ore. This is consistent
with the observations in this work where the samples that reached the rapid
reduction and decomposition stage i.e., samples reduced at 605 °C and 515 °C,
decrepitated less compared to samples reduced at lower temperatures despite the
lower degree of reduction for the latter. Hence, it seems that Comilog ore has a
low sensitivity to decrepitation caused by H.O decomposition which may be due to
its high porosity. In addition, the phase changes occurring below the rapid
reduction/decomposition peak cause more decrepitation compared to the rapid
phase changes associated with the peak itself.
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Figure 5-29: The wt% larger than 3.35 mm after reduction of Comilog ore, as a function of O/Mn ratio.
The initial particle size in Bigrnstad®*8, Reiersen®?, Larssen'33 and this work were; 10-13.2 mm, 10-
12.5mm, 11.2-15 mm and 9.5-15 mm, respectively.
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5.4 Industrial implications

It has been shown that by adding pretreated materials to the submerged
arc furnace (SAF), carbon and energy consumption can be reduced. The energy and
carbon consumption in any particular case is a function of factors such as type of
raw materials and operational strategy (Table 2-1), however, industrial
measurements?”3* and calculations'®® give remarkably similar values for the
excess consumption of carbon and energy. About 69 kg C and 300 kWh of energy
per ton alloy produced can be saved if the Boudouard reaction is avoided. Similar
figures were found in calculations done in this work (Figure 1-5). To produce a
ferromanganese alloy with 78 % Mn, 7 % C and 15 % Fe, 171 kg C is consumed in
the reduction of MnO, 70 kg C enters the alloy and 30 kg is consumed in the
reduction of FeO to Fe making a total of 271 kg C per ton produced alloy as a
theoretical minimum value. For every kg C consumed by the Boudouard reaction,
3.7 kg of CO; is produced, and 4 kWh of energy is consumed. The results in this
work showed that reduction to MnO-FeO was possible during pretreatment below
800 °C, and if carbonates are disregarded, this prereduction will results in savings
of about 40 kg C and 160 kWh per ton alloy produced.

Carbonates are present in many ores and may be required to adjust the
chemistry of the slag, however there are some opportunities to reduce the amount
of CO, from carbonates reacting in the Boudouard reaction. Replacing calcite with
dolomite or magnesite may reduce available CO; in the furnace due to the lower
decomposition temperature of magnesium carbonate compared to calcite.
Replacing the calcite with burnt lime (CaO) is also an option, provided that it does
not react with the CO; in the off-gas. It is also possible to achieve full pretreatment
to MnO and metallic Fe. Obtaining metallic Fe requires higher temperatures or
higher reduction potentials than what is used in this work due to the stabilization
of FeO in the MnO phase. In Davies et al.?>, the iron oxides were reduced to
metallic iron after reduction of UMK ore in 100 % H, at 700-900 °C, however the
MnO-FeO solid solution is stable up to 1000 °C in 80 % CO’ (Nchwaning and
Comilog ore). The use of H, or Hy/H,O atmospheres in prereduction facilitates
carbonate decomposition®, though it hinders the utilization of the furnace off-gas.
Reduction of the flux additions to reduce the energy and carbon consumption is
also an option that has been implemented successfully in industrial operation®.
Larssen et al.”? observed that the carbonates in Nchwaning ore decomposed in the
temperature range 800-1000 °C in CO-CO; atmospheres. However, If the
pretreatment temperature is increased to above 800 °C, the reductant cannot be
passed through the pretreatment unit due to the possible occurrence of the
Boudouard reaction.

Assuming 69 kg excess carbon consumption in standard production, 322 kg
CO (257.5 Nm3) is produced per ton alloy. The 171 kg C is consumed for reduction
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of MnO alone yields 398 kg (318.2 Nm?3) CO for every ton alloy produced. Hence
44% of the gas volume exiting the furnace is supplied by the Boudouard reaction in
this case. From previously reported materials balances, a gas volume of 615
Nm?3/ton alloy (DPR = 22 %)% and 586 Nm3/ton alloy (DPR = 100 %)*? has been
calculated. Other contributions to the amount and composition of the off-gas are
type and amount of carbonates, moisture, bound water and amount of excess
oxygen in the raw materials. Nevertheless, it is seen that the occurrence of the
Boudouard reaction gives a significant contribution to the composition and
amount of off-gas. Hence, if prereduction is improved, it has the direct
consequence that less CO is produced in the furnace, and there might be a need
for additional reducing gas to fully prereduce the raw materials. Based on the
results in this work, hydrogen is seen to be an excellent option for this purpose.
Hydrogen may be obtained from CO. neutral sources, thus reducing the carbon
footprint of the production. In addition, hydrogen is seen to improve the kinetics
of prereduction.

From industrial production, Pais et al.>* reported a gas volume of 500
Nm?3/ton alloy measured from a furnace running on a 100 % sinter charge. The
inner diameter of the furnace was 12.8 m, and the production was 442 ton
alloy/day. This yields a plug flow velocity in the furnace crucible of 0.020 m/s (at O
°C). The plug flow velocity in the experiments in this work is 0.11 m/s (at 0 °C). If a
pretreatment unit with a cross-sectional area of is 1/5 of the furnace is installed,
the gas flow is directly comparable to the flow used in the experiments in this
work.
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6 Conclusions and future work

The reduction of Nchwaning and Comilog manganese ore was investigated at
different oxygen partial pressures using CO/CO, gas mixtures with and without H,.
The reduction rate was seen to increase with increasing temperature and with
decreasing oxygen partial pressure. Addition of hydrogen at constant oxygen
partial pressure significantly increased the reduction rate for both ores.

The reduction of Nchwaning ore was investigated between 605-790 °C at
two different oxygen partial pressures using CO/CO, gas mixtures with and without
H,. The Mn;03 oxides initially found in the ore reduce to MnO in a single step, i.e.,
the reduction rate of Mn3;04 to MnO is greater or equal to the reduction rate of
Mn,03 to Mn3;04 between 605 °C and 790 °C. Hematite is reduced via magnetite to
FeO which dissolves in the MnO-FeO solid solution. The reduction of iron oxides is
improved by the presence of hydrogen. A small fraction of carbonates, associated
with manganese, magnesium and iron decomposed under the current conditions
while calcium carbonate was stable.

Comilog ore was investigated between 365-605 °C at three different
oxygen partial pressures using CO/CO, gas mixtures with and without Hy. The
reduction of Comilog ore is characterized by a rapid initial reduction rate due to
simultaneous decomposition and reduction of H,O and MnO,. Reduction at lower
temperatures is characterized by Mns;0; and MnO being the main reduction
products below and above 370 °C, respectively. A rapid reduction stage occurred in
the experiments where the temperature of the ore reached 550-580 °C. This rapid
reduction stage is caused by simultaneous reduction and decomposition of MnO,.

The reduction rate of Comilog ore was higher compared to Nchwaning ore,
partially due to the MnO; phases in Comilog being more reactive compared to the
Mn,03; phases in Nchwaning ore, but also it was seen that Comilog ore was fully
reduced to MnO-FeO after reduction for 210 minutes at 605 °C while about 50 %
of the oxides (on average) were reduced in Nchwaning ore at the same
temperature and time. The highest reduction rate occurred prior to the occurrence
of the highest temperatures during reduction of both ores, showing an increased
resistance towards reduction as a function of reduction degree. This is consistent
with increased diffusion resistance within the particle. The decelerating reduction
rate as a function of conversion is another indication of diffusion controlled
reduction.

The addition of hydrogen was seen to improve the reduction rate under all
the studied conditions for both ores. The improved reduction rate with addition of
hydrogen under constant thermodynamic driving force shows that the reduction
rate is improved due to the improved diffusion rates in gas mixtures containing H>
and H,0. A kinetic model was developed to describe the overall reduction for each
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ore. The model was seen to represent the reduction behavior of both ores under
the applied conditions in this work. Under the current conditions, the addition of
hydrogen was seen to improve the reduction rate by factors of 1.8-3.4 and 1.7-1.9
for Nchwaning and Comilog ore, respectively. Hydrogen addition also contributed
to reactions from the gas phase; The water gas shift reaction occurred above 410
°C and approaches equilibrium at 790 °C. Hydrogen in the gas was also seen to
facilitate carbon deposition in the temperature range 455-605 °C. Carbon
deposition was suppressed by the depletion of CO and H; during reduction of the
oxides.

The decrepitation of Nchwaning ore is a function of reduction extent while
the decrepitation of Comilog ore is affected by at which temperature the reduction
has occurred. Low temperature reduction increases the decrepitation of Comilog
ore.

Future work

Some questions were answered, and new ones created during this work which
may require an answer prior to industrial implementation of pretreatment.

The use of hydrogen in this work was studied in mixtures where CO/H,=1.
Some other ratios have been studied previously; however it would be interesting
to investigate the limits of how much hydrogen needs to be added to improve
prereduction and also if different compositions will influence the severity of
carbon deposition.

Reoxidation of Comilog ore was seen to occur for the samples reduced at
low temperatures and it was seen to have some dependence on which gas
atmosphere was used for reduction. If prereduction is to be implemented
industrially the temperature range and reducing gas where reoxidation should be
fully mapped.

Carbon deposition in hydrogen containing atmospheres can be a
disadvantage due to depletion of the reducing gas content causing incomplete
prereduction if hydrogen is supplied in the pretreatment unit. On the other hand,
if the deposited carbon can be reutilized in the SAF it may displace a fraction of the
required reductant thus lowering the effective carbon consumption and ultimately
lowering the CO; emissions for production. Further study to reveal the range of
temperatures and gas compositions at which carbon deposition occurs, and at
which conditions carbon can be reutilized, could be useful knowledge for industrial
implementation of pretreatment units.

It was seen that the within the same ore, different phases and
microstructures exists, both within the same particle and between different
particles. If CT-analysis is done on an entire sample before and after an
experiment, the differences in reduction behavior of separate particles and phases
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may be studied closer. This could be coupled with mineralogical analysis with
selected samples of reduced and partly reduced material, that are selected based
on CT-results, which will give quantitative results regarding the phase
development of manganese ores.
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Appendix A Weight deviations

In weighing the crucible before and after cleaning, small weight differences were
occasionally observed. Some dust from the sample material or from carbon
deposition could be stuck to the walls or trapped between the double wall of the
crucible, however scaling of the crucible material was also observed on some
occasions. Hence, it is not clear that these weight changes were associated with
the sample mass itself and it was not included in any calculations.

Several investigations has previously been conducted in the same
experimental setup and both Larssen'® and Reiersen®® reported inconsistent
drifting of the weight in non-isothermal experiments. Reiersen®> conducted two
experiments using quartz where the weight increased by about 1.5 g and 2.3 g for
the parallel experiments. A linear function based on the early parts of these
experiments was subtracted from all experimental curves to compensate for the
drifting. Larssen'® used the off-gas analysis to determine the weight loss behavior
and scaled it to the measured sample weight before and after experiments. In this
work, the off-gas analysis can be used for the CO/CO, gas mixtures, but not when
hydrogen is used since hydrogen is not measured in the off gas and the quantity of
condensed water at the gas outlet is unknown. Hence, the measured weight signal
must be used, and some investigation was conducted to map different influences
on the weight signal that is not related to the weight loss of the sample and to
assess the consistency of weight deviations when utilizing an isothermal heating
program.

Figure A-1 show the weight behavior from three experiments with
Nchwaning ore in Ar. There is a peak in the weight at about 2 min that corresponds
to when the furnace is raised to surround the crucible. The difference between the
highest and the lowest weight loss was 1.3 g. Manganite is expected to decompose
fully at this temperature. Chemical- and off-gas analysis indicated that some
carbonates had decomposed. CO2 release initiated around 480-540 °C and is
shown on the secondary axis in Figure A-1. Higher oxides may decompose in an Ar
atmosphere; however, this was not apparent from the chemical analysis. To avoid
the influence of carbonate decomposition and further investigate the behavior of
the furnace itself, experiments were conducted in pure CO,. The results from these
experiments are shown in Figure A-2. In two of the experiments, the observed
weight-loss was in a similar range to the Ar experiments, while the two others
ended up at a similar weight to the initial weight peak. It was also observed that
the furnace balance drifted (randomly) from the time when the crucible was
mounted in the setup to the point where the experiments were started, and that
this drifting was reduced with time. Thus, to reduce the impact of inconsistent
drifting of the weight signal, subsequent experiments were prepared and mounted
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in the setup the day before it was conducted. In both experiment types, the
variation in measured weight is probably a combination of weight drifting and ore

heterogeneity.
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Figure A-1: Parallel experiments with Nchwaning ore in Ar gas at 790 °C. Shows the weight loss and

CO; in the off gas as functions of time.
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Figure A-2: The weight loss as a function of time for reduction of Nchwaning ore in CO; at 790 °C
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To avoid weight changes caused by reactions in the ore, experiments using
quartz as an inert material was conducted. The quartz was dried to remove
potential moisture and experiments were conducted in Ar using 150 g quartz to
keep the weight the same as in the reduction experiments. Different temperatures
were investigated, and the results are shown in Figure A-3. The x-axis is set to 0
when the furnace is raised, and the peak observed in Figure A-1 and Figure A-2 is
also observed here where the peak height is seen to increase with increasing
temperature. Following this peak, the weight is seen to drop and increase again
before it drops sharply at the end of the experiment as the furnace is lowered (~90
min).

1.0 A R
0.65 A — 605 [°C]
0.8 455 [°C]
’ 0.60 — 410 [°C]
—— 365 [°C]
0.6 1 0.55 l
5 0.50
2 049
o
o]
= 0.2
P
00 1 . 2 T By = s s
_02 -
—-40 -20 0 20 40 60 80 100 120
Time [min]

Figure A-3: Shows the weight behavior as a function of time when using 150 g inert material (quartz)
in Ar.

The weight changes in Figure A-3 are associated with the behavior of the
furnace, and some of the changes may be explained by buoyancy and density
variations inside and outside the crucible. The densities of selected gases at 0 °C
and 1 atm (=101.325 kPa) is given in Table A-1.

PV =nRT

The change of gas density as a function of temperature can be described
using the ideal gas law, equation (21), where P is pressure [Pa], V is volume [m?], n
is number of moles [mol], R is the universal gas constant [J/mol-K] and T is
temperature [K]. Substituting n with m/M, where M is the molar mass [g/mol] and
m is mass [g], and rearranging yields:

(21)
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m PM (22)
—T =pT = —
y' TPYTTR

The expression on the right-hand side of equation (22) is constant for a specific gas
composition in the current setup, hence:

m(T)

T, 1
— =P =po— > m(T) = poVTo

Where To and po are the reference temperature and density, respectively (Table
A-1).

(23)

Table A-1: Densities of selected gases at 273.15 K. From HSC Chemistry 9 18

Gas Density [kg/m?]

Ar 1,782
co 1,250
CO; 1,964
H, 0,090
H.O 0,804
N> 1,250
0, 1,428
Syn. air* 1,287

*weighted average 21% O, —79 % N»

The internal and external volume of the crucible are not equal due to
internal features of the crucible. In addition, there are uncertainties regarding the
weight influence of the gas content inside the flexible tubes connected to the
crucible. After reduction of Comilog ore, oxidation was observed and the
magnitude of weight change when changing from Ar to synthetic air was needed
to measure the weight gain during oxidation. Figure A-4 shows the measured
weight loss from an experiment run to measure the influence of gas density at
room temperature. The experiment was done with 150 g quartz in the crucible,
which is the same sample weight used in all experiments in this work. The gas
input was alternated between synthetic air and argon and the difference in weight
was 0.41 g (horizontal lines, Figure A-4). A slight drifting in the weight signal can
also be observed between the different gas changes. Fully exchanging the gas
atmosphere at room temperature was seen to take about 1.5 minutes (88 s)
(vertical lines, Figure A-4) at 21.9 °C.
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Figure A-4: Measured weight change following the change of input gas between pure argon and
synthetic air (79 % N, — 21 % O;). A slight drifting in the weight signal can be observed.

_ Mar Mgy Mgy — My (24)

Par = Pair —TC v c =

Par — Pair

Using the densities (Table A-1) and measured temperature, the volume of
gas in the crucible was found to be 0.894 dm? (89.4E-5 m?) according to equation
(24).

When the furnace is raised to surround the crucible, the decreased
buoyancy of the crucible in the preheated furnace will cause an increase in the
measured weight. This increase may be calculated using equation (23) and is
shown in Figure A-5 (External buoyancy). According to equation (23), the weight
should be lower with increasing temperature, which is in line with the observations
from Figure A-3. The difference between the predicted and measured weight
increase may be explained by that the crucible is not fully submerged in the
furnace (Figure 3-4b) such that the effective volume of displaced hot air is lower
than the full crucible volume.
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Figure A-5: Shows the measured weight from the 410 °C Ar -quartz experiment (Figure A-3) with the
calculated weight changes from internal density change of the Ar gas and buoyancy based on the
external dimensions of the crucible. The external buoyancy is calculated using the density of synthetic

air.
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Figure A-6: The molar volume of gas and the number of moles of gas in the experimental setup as
functions of temperature.

Figure A-6 shows the molar volume of gas and the number of moles of gas
in the crucible, as functions of temperature based on equation (21). It is seen that
the number of moles of gas in the crucible at 900 °C is about one quarter of that at
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0 °C. Hence, a weight loss associated with the internal heating of the crucible is
expected. Using the measured internal volume of the crucible and the density of Ar
(Table A-1) together with the sample temperature measurements, the weight
change associated with the changing gas density inside the crucible was calculated
with equation (23), and is also shown in Figure A-5 (Internal gas density). The
calculated weight loss due to reduced density of Ar is seen to be slightly larger
compared to the buoyancy effect despite that the internal volume of the crucible is
smaller than the external volume. This is due to the higher density of Ar compared
to air. It is seen that the initial weight loss following the buoyancy peak
corresponds to the weight loss predicted by the density change of Ar, however the
weight is seen to increase again, an effect that is not explained by the buoyancy or
density changes. This weight increase is suspected to be associated with the
softening of the flexible rubber tubing due to increased temperature though it
could not be verified experimentally at this point.
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Figure A-7: The mass of gas contained in the crucible for the different gases and gas mixtures. The
density of the gas mixtures was calculated using weighted averages

Figure A-7 shows the calculated weight of gas in the crucible for selected
gas mixtures. Due to the different densities, the absolute weight change will be
different for each gas mixture.
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Appendix B XRD patterns for Nchwaning ore
This appendix contains the XRD data from the analysis of Nchwaning ore that is not
included in the results section.
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Figure B-1: X-ray diffraction patterns and identified phases in unreduced ore and samples reduced in
30% CO and 70% CO; at 700 °C. The main bixbyite/braunite peak (33°) is cropped for clarity in the

figure.
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Figure B-2: X-ray diffraction patterns and identified phases in unreduced ore and samples reduced in
30% CO and 70% CO; at 790 °C. The main bixbyite/braunite peak (33°) is cropped for clarity in the

figure.
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Figure B-3: X-ray diffraction patterns and identified phases in unreduced ore and samples reduced in
70% CO and 30% CO, at 605 °C. The main bixbyite/braunite peak (33°) is cropped for clarity in the

figure.
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Figure B-4: X-ray diffraction patterns and identified phases in unreduced ore and samples reduced in
70% CO and 30% CO, at 700 °C. The main bixbyite/braunite peak (33°) is cropped for clarity in the

figure.
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Figure B-5: X-ray diffraction patterns and identified phases in unreduced ore and samples reduced in
70% CO and 30% CO, at 790 °C. The main bixbyite/braunite peak (33°) is cropped for clarity in the

figure.
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Appendix C Thermocouple error correction

One experiment was conducted while the thermocouple was failing. The
were removed,
measurements were recreated based on the remaining data (see Figure C-1)
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Figure C-1: Correction of temperature measurement in the 515 °C, 16 % CO — 68 % CO,— 16 % H
experiment (C11H). The blue curve is the original measurement, and the black curve is the recreated

measurement.
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Appendix D Off-gas analysis correction

The measured values from the off-gas analyzer connected to the furnace was
observed to drift between experiments. To obtain consistent off-gas data, the
curves were calibrated so that the gas concentration started on the input value of
the utilized gas composition by using data from the initial part of the experiment,
where the crucible was at room temperature and the gas composition is fixed (no
reactions). Figure D-1 shows an example of the result from such calibration. Figure
D-2 and Figure D-3 shows the method for calibration; two points from the data at
room temperature with the specific gas composition were selected for each
experiment, and the measured data was multiplied by a correction factor
determined by these points. To assess this calibration, the sum of CO and CO, was
plotted for the experiments in CO/CO; gas mixtures (Nchwaning), which should
sum up to 100 %. Figure D-4 and Figure D-5 shows this sum before and after
calibrations, respectively, where it can be seen that the calibration improved the
consistency of the measurements.

30 % CO - 70 % CO: 30 30 % CO - 70 % CO2
28
26
24
22
: : : : : 20 . . . .
0 50 100 150 200 0 50 100 150 200

Relative time [s] Relative time [s]

(a) (b)
Figure D-1: Shows (a): the measured CO in the off-gas and (b) the corrected values (with original
values in gray) for the 30% CO containing gas mixtures. Notice that the corrected values start at 30 %
co.
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Figure D-2: Shows the measured, input and corrected CO and CO; for a 70% CO — 30 % CO; gas
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Figure D-3: Shows the measured, input and corrected CO and CO; for a 70% CO — 30 % CO; gas

mixture
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Figure D-4: %CO + %CO2 before correction, Nchwaning ore.
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Figure D-6: %CO + %CO2 after correction Comilog ore. Horizontal lines at 100 + 2 %
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Appendix E Cumulative size distributions
The cumulative particle size distributions for Nchwaning and Comilog ore are given
in Figure E-1 and Figure E-2, respectively.
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Figure E-1: Cumulative particule size distributions for Nchwaning ore.
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Figure E-2: Cumulative particule size distributions for Comilog ore
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Appendix F Mineralogy measurements

(b)

Figure F-1: Backscatter image of the areas used to characterize Nchwaning ore (AMS). (a):
Nchwaning: 3 mm - 7.5 mm and 2.8 mm - 3.7 mm. (b) Comilog: 3.1 mm - 3.7 mm and 3.9 mm - 5.7
mm
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Figure F-1 shows the backscatter images of the characterized areas. An example of
the quantified grains is given in Figure F-2. The grains are from the top image in
Figure F-1a.
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Figure F-2: An example of the quantlf/ed grains. Particles from Figure F-1a.
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Appendix G Binary diffusion coefficients

Fuller et al*>” developed a method for predicting binary diffusion coefficients that
was later was evaluated and recommended by Todd and Young!®® after
comparison with other approaches. The binary diffusion coefficient [cm?/s] can be
calculated by equation (G1):

0.00143T175
Dyp = 2

1t 1 (G1)
pMjB ‘{43+VB3
where
S T
Myg=2|—+— G2
AB [MA Mg (62)

T is the temperature [K] p is the pressure M; is the molar mass [g/mol] and Vi is the
diffusion volume (Table G-1).

Table G-1: Diffusion volume for selected gases6%161

Gas Diffusion volume
H, 6.12
co 18.0
H,O 13.1
CO, 26.7
0, 16.3
N, 18.5
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