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Abstract

This thesis focuses on the characterization and optimization of iron ore concentration parameters from
the El Ouenza deposit. The study aims to improve the quality of the concentrate by increasing the iron
content and reducing impurities, using an experimental approach based on a factorial design. Samples
were collected from the Chagoura El-Ouenza site, and then subjected to crushing, grinding, screening
and magnetic separation operations. The methodology is based on the combination of several factors,
including grain-size (GS), ball dimensions of matrix (DB) and magnetic field intensity (I), according to
a factorial design, in order to determine their influences on the separation efficiency. The results show
that an optimal adjustment of these parameters can significantly improve the iron concentration. For
this purpose; The values proposed by the model indicate that a maximum Fe,Os3 content and a very
good yield (respectively 63.18% and 91.25%) of the product can be obtained by optimizing the
variable factors as follows: matrix ball size (DB) at 12m, particle size (GS) at 0.24mm and finally an
Intensity (I) at 2 T. This work constitutes a solid basis for the development of processes adapted to the
valorization of iron ore from El-Ouenza.

Key words: El-Ouenza mine, Fe,O3;, HIMS, Box-Behnken design, RSM.



Résumé

Ce mémoire de master porte sur la caractérisation et I'optimisation des parameétres de concentration du
minerai de fer du gisement d'El Ouenza. L'é¢tude vise a améliorer la qualit¢ du concentré en
augmentant la teneur en fer et en réduisant les impuretés, grace a une approche expérimentale basée
sur un plan factoriel. Des échantillons ont été prélevés sur le site de Chagoura El-Ouenza, puis soumis
a des opérations de concassage, de broyage, de tamisage et de séparation magnétique. La méthodologie
repose sur la combinaison de plusieurs facteurs, dont la granulométrie, les dimensions des billes de la
matrice et l'intensit¢é du champ magnétique, selon un plan factoriel de Box-Behneken, afin de
déterminer leurs influences sur l'efficacité de la séparation. Les résultats montrent qu'un ajustement
optimal de ces parametres permet d'améliorer significativement la concentration en fer. Pour cet effet;
les valeurs proposées par le modele indique qu'une teneur maximale en Fe,O; et un trés bon rendement
(respectivement a 63,18 % et a 91,25 %) du produit peuvent étre obtenus en optimisant les facteurs
variables comme suit: Dimension des billes de la matrice (DB) a 12m, dimension des particules (GS) a
0.24mm et finalement une Intensité (I) a 2 T.

Mots clés : El-Ouneza mine, Fe,O3;, SMHI, Box-Behnken design, RSM.
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General Introduction

This study aimed to characterize the mineralogical and chemical composition of iron ore
extracted from the Chagoura sector of the El-Ouenza mine and to optimize the key parameters
influencing its recovery by magnetic separation. A comprehensive methodological approach was
used, including particle size analysis, SEM-EDS microanalysis, X-ray fluorescence, X-ray
diffraction, and magnetic separation tests supported by titrimetric validation.

The results revealed that the ore is predominantly fine-grained and composed primarily of
hematite and goethite, with significant amounts of quartz and calcite as gangue minerals. SEM-
EDS analysis confirmed the presence of complex mineral associations, while X-ray fluorescence
provided a consistent overall chemical profile across all particle size classes. The particle size
distribution suggested that over 80% of the material lies below 0.250 mm, a size range conducive
to effective mineral liberation. Magnetic separation tests demonstrated the feasibility of
improving iron concentration in specific particle size classes. Optimization tests confirmed that
particle size and magnetic intensity significantly influence enrichment results.

In conclusion, the El-Ouenza iron ore shows promising potential for industrial enrichment by
magnetic separation, particularly when particle size and operational parameters are carefully
controlled. These results contribute to current efforts to valorize low-grade iron ores in Algeria
and support the implementation of cost-effective and sustainable enrichment strategies tailored to
local ore characteristics.

This thesis is divided into three chapters:

Chapter I: is devoted to a detailed literature review on iron and its ores, as well as to
conventional and innovative processes for the beneficiation of low-grade iron ores. This chapter
also presents the geological and mineralogical context of the El Ouenza deposit.

Chapter II describes the materials studied and the methods implemented for mineralogical and
chemical characterization, as well as for magnetic separation tests. It presents in detail the
analytical techniques used and the experimental conditions applied.

Chapter III presents and analyses the results obtained. It discusses the performance of the various
enrichment parameters tested and offers recommendations for optimizing the concentration
process for the ore studied.



Chapter I

Bibliographic review



1.1 Iron Ores
1.1.1 Introduction

Iron is the most material to be used in the steelmaking all over the world. In fact, more than 50%
of steelmaking raw materials consist of “iron ore” (World Steel Association, 2023). It is a vital
resource that has supported human progress from basic tools to its infrastructure. This chapter
starts by introducing the iron as an element then as an ore, and then it discusses its composition.
After that, it identifies some of the impurities that degrade the ore and lower iron’s quality.
Thereafter, we present iron's physical, chemical, and magnetic properties and how they make it
useful for mankind. Beneficiation methods have evolved from primitive to state-of-the-art
processes; recent developments in the industry have also been highlighted. A look at global
trends and regionally-focused case studies will bring out the economic importance of iron ore,
followed by a comprehensive look at its industrial uses. Finally, the review focuses on Algeria’s
El-Ouenza mine. Despite its great potential, ongoing technical impediments hold back its growth
and development. However, some studies indicate that controlling the beneficiation parameters
could help improve the ore’s grade and reduce waste.

I.1.2 Definition of Iron (metal):

The metal iron (Fe) with atomic number 26 is a transition element in the periodic table. It is the
fourth most abundant metal in the Earth's crust, making up around 5%. This chemically active
element rarely reduces naturally to its metallic state and mostly occurs in mineral form as it can
easily oxidize.

The physical properties of pure iron include high ductility and malleability; it also has a very
high melting point of 1,538 °C. The chemical reactivity of iron is evident from the formation of
iron oxide hydrates due to its reaction with oxygen and moisture (both water vapor and liquid)
present in the air. Rust is the common name for these hydrates. Iron is also an important
biological molecule, serving as the central atom of the hemoglobin molecule that transports
oxygen in the blood of vertebrates (Frausto da Silva & Williams, 2001). The dual importance of
iron in biological systems and industrial applications places it uniquely among metals.

I.1.3 Definition of Iron (Ores):

e lIron ores are naturally found rocks from which metallic iron can be economically
extracted. Iron ore is made primarily of iron oxide. These ores are the main ores used for
making steel. The iron ore deposit refers to iron ores that have become sufficiently
concentrated in metal content over geological time. It generally gives rise to rich
deposits; the deposits are mostly oxides of iron such as hematite, Fe,O3, and magnetite,
Fe30y, intergrown with various amounts of gangue minerals that are impurities. Many
factors determine whether an iron ore deposit is feasible or not. The iron grade of the ore
deposit is an important factor. The iron grade of ore deposits usually ranges between 30%
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and 70% by weight. Apart from this, the mineralogy of both valuable and gangue
minerals, along with the geographic accessibility of the deposit, play important roles.
Whether a mineral deposit is considered “ore” or just iron mineralization fundamentally
depends on market conditions and extraction technologies available at a particular time.
Thus, it is both economically and time-dependent. The mineralogical complexity of iron
ores often necessitates extensive beneficiation to achieve the chemical and physical
specifications required for industrial use, particularly in steel production where strict
limits on certain impurities apply.

1.1.4 Different Types of Iron Ores:
-Types and Characteristics of Iron Ores:

The mineral components, origin and geochemistry of iron ore deposits are highly varied. Notable
forms are banded iron formations (BIFS), oolitic iron ores, and goethite-rich ores. Banded iron
formations are important sources of iron ore composed of alternating layers of iron minerals and
silica. Regions with ancient geological settings mainly host these formations, an example being
the Singhbhum-Orissa Craton of eastern India (Prasad et al., 2017) and globally distributed
Meso- to Neo-Archean terrains. Oolitic iron ores are analyzed and found to host hematite and
goethite minerals (Quast, 2018). These ores are often of complicated mineralogy (LOUIS, 1920).

Iron ores are divided into different types on the basis of mineralogical and geological formations.

Hematite is a widely known iron ore, reddish-brown in color. It could be said that it includes
about 70% iron and is commonly located as supergene ores, which result from the weathering
and oxidation of iron-rich minerals, namely magnetite (Clout & Manuel, 2022) (Oshchepkova et
al., 2020)

This iron ore, black or brownish-black in color, contains 72% iron, along with 11% oxygen and
lesser amounts of other minerals. Magnetite is a principal source of iron due to its magnetic
nature making processing easier (Clout & Manuel, 2022) (Oshchepkova et al., 2020) (Mao et al.,
2014).

Siderite is an iron carbonate ore containing around 48% iron. To convert to more economically
viable forms of iron, such as magnetite, requires more specific processing techniques (e.g.
roasting, magnetic separation) during their extraction (Chun et al., 2014).

Limonite is a hydrated iron oxide (FeO (OH)-nH-0) closely associated with the mineral goethite.
Hematite is considered a higher-grade ore than limonite as it has a more uniform composition.
Limonite plays an important role in iron making because although it has a varied composition, it
is abundant (Mao et al., 2014).



Other than hematite, goethite is also a common iron ore found in the same deposits. It is an
important source of iron, especially when hematite is less available. (Quast, 2018), (Teutsong et
al., 2020)

Banded iron formation (BIF) is a sedimentary rock consisting of alternating layers of iron-rich
minerals (hematite and magnetite) and quartz. Banded iron formations (BIFs), due to their large
reserves, make a significant contribution to the global iron market (Hassanzadeh et al., 2023)
(Bolonin et al., 2019) (Ebotehouna et al., 2019).

Table I.1: Common iron ore and gangue mineral definitions.

Ore mineral

Chemical formula Description
Hematite Fe,03 Iron oxide
Magnetite Fes0,
Primary iron oxide
Goethite FeOOH

Maghemite® “Keno-magnetite’™

“Martite”

29C

“Hydro-hematite

F93+[Fe3+1‘67] [0.03] O4

Fes—x([) xO4
FeoO3

Fe2—x)/3(OH)x03x

Most abundant iron oxyhydroxide with three subtypes:
yellow ochreous has excess water and chemical
impurities; brown, the most common variant, is
stoichiometric; while vitreous is glassy and contains 2—
9% SiO, +ALQ,, either as an impurity

or as submicron inclusions of quartz

Intermediate iron oxide Intermediate metal-deficient
phase between magnetite and maghemite Hematite that
has replaced primary magnetite

A defect solid solution where OH~
ions replace oxygen

Gangue mineral

Quartz
Kaolinite
Gibbsite
Minnesotaite

Stilpnomelane

“Chlorite™
Pyrite
Pyrolusite
Siderite
Ankerite

SiO,
Aly(Sis010)(OH)g
AI(OH);

(Mg ,Fe);Si4014(OH),

(K,Na,Ca)g s

(Mg,Fe* Fe*)q
SigAl(O,0H),; 2-4H,0
(Fe,Al,Mg)(Si,Al), O5(OH),
FeS,

MnO,

FeCO,

Ca(Fe, Mg, Mn)(CO,),

Common oxide of silicon

Clay

Clay

Common Fe-Mg silicate in iron
formations

Common silicate in iron formations

Silicate

Iron sulfide

Manganese dioxide
Fe-carbonate
Ca-Fe-Mg-Mn carbonate




I.1.5 Composition of Iron Ores:

Iron ores are composed of iron alone but also contain certain impurities or gangue minerals. Key
components include:

- Iron Oxides: Mainly found in most iron ores such as hematite and magnetite. Extractable
iron mainly comes from these oxides (Clout & Manuel, 2022) ( , 1978).

- Silicon Dioxide (SiO,), commonly found in banded iron formations and other ores, is
prevalent as quartz or silicate minerals (Teutsong et al., 2020).

- Calcium carbonate ore also contributes towards sintering in steelmaking processes
(Tserenkhand et al., 2014) (Chun et al., 2014).

- Some geological formations contain sulfides such as pyrite and chalcopyrite, sulfide
content of iron ores (Wang et al. 2020).

- Phosphorus and Other Trace Elements: Present in varying amounts, these elements can
affect the quality of steel produced from the ore. Their distribution is often uneven among
different ore types (Parak, 1985).

A steel-making industry relies on understanding iron ore’s definition, types and composition as it
governs mining strategy, processing techniques and pricing. The variety of iron ores calls for
distinct approaches to their extraction and refining to achieve the best economic results and meet
consumer demand for high-quality iron. As a result, many ongoing researches on these ores aim
to improve beneficiation processes and identify new deposits and to develop material efficiency
in industrial applications (Krishna et al., 2013) (Cho et al., 2021) (Obara et al., 2021).

1.1.6 Properties of Iron:
1.1.6.1 Physical Properties:

Iron has a range of properties, which make it useful in industry. Iron is classified as a heavy
metal, with a density of 7.87 g/cm?. It is commonly used in structures such as buildings and
machinery. The metal melts at 1,538°C and boils at 2,862°C. Thus, it is well-suited for high-
temperature applications such as engine parts and industrial furnaces. The pure form of iron is
very ductile and malleable, allowing it to be shaped into wires without breaking under normal
conditions. This flexibility and adaptability are largely due to an important transformation that
iron undergoes at around 912°C.At this temperature, its crystal structure changes from a body-
centered cubic (BCC) form, called alpha iron (a-Fe), to face-centered cubic (FCC) form, known
as gamma iron (y-Fe). This transformation plays a vital role in enhancing iron’s mechanical
properties, such as its hardness and ductility, and is fundamental to heat treatment processes that
help improve the metal’s overall performance.



1.1.6.2 Chemical Properties:

The chemical nature of iron suggests that it is a transition metal as it has several oxidation states
and shows redox activity. The process of rusting begins when metallic iron readily oxidizes in
moist air to form rust. Rust is a characteristic layer of hydrated iron oxides. The rusting of iron is
also galvanic in nature. The process is accelerated if there are salts and acids present. Due to its
susceptibility to corrosion, it should be galvanized or alloyed with chromium to produce stainless
steel. Iron can be found primarily in two states in compounds, that is, ferrous (Fe>") and ferric
(Fe*"). Ferric state is more thermodynamically stable under oxidizing conditions. The metal is
violently treated with dilute acid to give ferrous salts and hydrogen gas, and it will be passivated
by concentrated nitric acid. When heated, iron forms inner compounds with carbon, which in
turn affect the properties of steel. These include cementite which is Fe;C and carbide phases.
Iron can be used for many different purposes industrially because of the chemical properties that
it possesses. However, it must be managed well in the environment when it is processed or used
in order to not degrade.

1.1.6.3 Magnetic Properties:

Iron possesses strong magnetic properties. These properties have been taken advantage of since
ancient times. They remain highly useful in modern technology. At room temperature, the metal
is ferromagnetic, which means it has strong spontaneous magnetization and high magnetic
permeability; as a result, the metal concentrates magnetic flux. This ferromagnetism persists up
to the Curie temperature of 770 °C, above which ferromagnetic iron becomes paramagnetic,
exhibiting a much weaker magnetic response. The magnetic properties are very sensitive to
microstructure and impurities, for example carbon content affects the coercivity and remanence
of steel alloys. These characteristics have led to iron's dominance in electromagnetic applications
ranging from electric motors and generators to transformer cores and magnetic shielding.
Modern high-performance magnetic materials often combine iron with rare earth elements to
enhance properties, though pure iron and low-carbon steels remain indispensable for many
conventional applications due to their favorable magnetic saturation and cost-effectiveness
(Cullity & Graham, 2008).

1.1.7 Beneficiation Techniques:

As high-grade iron ore resources are quickly dwindling, the beneficiation of low-grade iron ores
has become necessary. Magnetic separation, gravity separation steel on basis, froth flotation and
other physical separation methodologies Yet, these methods are often not sufficient for more
complex ores, which require advanced processes like reduction roasting followed by magnetic
separation (Roy et al, 2020).

While beneficiation techniques continue to evolve, the production side of the industry is also
undergoing major changes to reduce environmental impact. The use of hydrogen-based reduction
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technologies is becoming more popular for manufacturing low-carbon steel instead of traditional
carbon-based technologies (Sun et al., 2021). Electrochemical ironmaking is another interesting
opportunity to reduce carbon dioxide emissions in iron production (Wallace et al., 2024).

Sintering and pelletizing remain critical processes in preparing iron ores for blast furnaces.
Recent studies focus on optimizing these processes to improve energy efficiency and reduce
emissions. For instance, the introduction of biomass in sintering as a partial substitute for coke
shows potential in reducing the carbon footprint of iron ore processing (Legemza et al., 2020).

1.1.7.1 History of Iron Ore Beneficiation Methods:

The iron ore beneficiation process has existed for a long time, and as human demand for iron
products has grown, our technology is getting better. The Hittites and the Egyptians were among
the first to experiment with beneficiation techniques around 1500 BCE. This mainly included
handpicking rich iron ore bearing rocks from worthless gangue. This was followed by crushing
using stone hammers and grinding with querns. The subsequent smelting occurred in furnaces,
where layers of ore and charcoal were alternately heated to about 1200°C. These produced iron
blooms of low density that required extensive subsequent forging to remove slag inclusions. In
the Middle Ages, a water-powered trip hammer improved all-metal production methods, while
bellows increased furnace temperatures. And yet, ore preparation remained largely manual and
selective mining of high-grade deposits predominated. The changes that led to what we now call
mechanical crushing began with the Industrial Revolution. The first gravity separation devices,
such as buddles and jigs, evolved during this period. The 19" century saw the arrival of
electromagnetic separators for magnetite ores. In the early 20" century, the process of froth
flotation was used for the extraction of base metal ores. Shortly afterward, this process was
adapted for the beneficiation of iron. The process was able to economically treat finer particles
and more complex types of ores. The history shows that beneficiation technologies have
continuously grown to satisfy changing resource availability and industrial needs (Smith et al,
2021).

1.1.7.2 Beneficiation Techniques of Iron Ores: A Comprehensive Analysis

Iron ore beneficiation is essential for upgrading low-grade ores into commercially viable
concentrates. The choice of methods relies on the mineralogical composition, freedom features
and the gangue mineral nature. We take a look at the basic methods and their mechanisms and
innovations below.

1. Physical Separation Techniques:
a) Gravity Separation:

Gravity methods exploit density differences between iron oxides (hematite, magnetite) and
gangue (quartz, alumina). The density differences (4.5-5.3 g/cm?® for iron minerals and 2.6-2.8
g/cm?® for gangue minerals) enable the use of gravity separation methods (spiral concentrators
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and centrifugal separators) to separate particles in the size range of 0.1 mm -2 mm. and they do
not involve addition of any chemical reagents, key approaches include:

Spiral concentrators and jigs: Effective for coarse-grained ores. For example, Specularite ores
achieved 37.62% Fe grade using spiral separators (Wang et al., 2011) (Pandiri et al., 2022).

Shaking tables: Used for fine particles (—74 pm), achieving up to 61.54% Fe recovery in
magnetite ores (Ali et al., 2021) (You & Liu, 2023).

b) Magnetic Separation:

Low-intensity magnetic separation (LIMS): Targets magnetite (Fe;O4) with magnetic
susceptibility >1.26x107° m3/kg. Modern LIMS circuits recover >90% magnetite from crushed
ore (Pelevin, 2022) (Chokin et al., 2022).

High-gradient magnetic separation (HGMS): can treat weakly magnetic hematite or goethite;
after reduction roasting. There are also superconducting magnets that cut down energy
consumption by quite an extent.

A study recovered 74.04% Fe from ultrafine hematite (—30 pum) using HGMS at 47.76 kA/m (Su
et al., 2016).

2. Chemical and Surface-Based Techniques:
a) Froth Flotation:

Reverse flotation: Silica/alumina gangue is floated using cationic collectors (e.g., ether amines),
leaving iron in the sink. A Brazilian itabirite ore achieved 67% Fe concentrate by replacing
reverse flotation with magnetic separation (Rodrigues et al., 2023). The use of new chemical
collector such as hydroxamates for iron oxides minerals and starch derivatives as depressants of
silica now enables effective froth flotation of high-value minerals at sizes below 150 pm.

-Selective flocculation: Polymers like starch selectively aggregate iron particles. Sodium humate
increased Fe recovery by 12% in slimes by dispersing gangue (Sarma et al., 2022).

b) Leaching:

Acid or alkali leaching removes impurities like phosphorus. For high-phosphorus oolite
hematite, HCI leaching reduced P content from 0.89% to 0.12% while retaining 95% Fe (Gong et
al., 2024).

10



3. Thermal and Phase-Transformation Methods
a) Magnetizing Roasting:

Hematite (Fe,0Os3) is reduced to magnetite (Fe;O4) or metallic iron using CO/CO; at 600-800°C.
Post-roasting magnetic separation achieves >85% Fe recovery from refractory ores (Kukkala et
al., 2024) (Yu et al., 2017).

b) Carbothermic Reduction:

Microwave-assisted reduction of pyrite cinder at 1050°C produced 91.71% Fe recovery, reducing
energy use by 30% compared to conventional methods (Long et al., 2016).

1.1.7.3. Modern Beneficiation Techniques: Future Directions and Challenges:

While advancements in beneficiation and processing technologies promise to meet future
demand, challenges remain in managing the environmental and economic impacts with putting
into consideration that modern iron ore beneficiation techniques previously used and still
evolving through advanced technologies aimed at maximizing recovery and minimizing energy
and water consumption; for instance. The development of cost-effective and scalable low-carbon
iron and steel production methods is imperative.

Moreover, research into integrating carbon capture and storage with steelmaking processes
continues to be a critical area of study. Utilizing by-products such as slag in cement production
not only addresses waste issues but also contributes to the circular economy (Zeng et al., 2020).
Some of these approaches can be presented:

- Circuits:

Closed-loop grinding with hydro-cyclones optimizes particle size for downstream separation. A
Qidashan ore achieved 65% Fe grade by reducing overgrinding (Baoyu et al., 2019).

- Compound Force Field Separation:

Combining centrifugal, magnetic, and interfacial forces improved recovery of —10 um particles
by 25% in pilot tests (Tian et al., 2024).

Recent advances in technology involve the use of sensors in sorting ores. For example, X-ray
transmission (XRT) or Laser Induced Breakdown Spectroscopy (LIBS) can be exploited to sort
by composition in real time. This can significantly reduce the processing cost of coarse ores.
HPGRs are better than ball mills at reducing size in a more energy-efficient manner and making
microcracks in the rocks that enhance liberation downstream; the latest techniques nowadays are
being incorporated with automated control systems using machine learning algorithms for
dynamically optimizing process parameters to produce consistent quality of end products with
feed variations (Gupta & Yan, 2016).
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In conclusion, the beneficiation of iron ores requires tailored approaches based on mineralogical
complexity. Advances in hybrid separation and sustainable methods are pivotal for addressing
declining ore grades and environmental constraints.

1.1.8 Industrial Applications of Iron Ore:

The primary application of iron ore lies in steel production, which in turn serves as the structural
backbone of modern civilization. In construction, steel products ranging from reinforced
concrete bars (rebar) to structural sections enable the development of high-rise buildings, long-
span bridges, and earthquake-resistant structures, with the average skyscraper containing 15-20
thousand tons of steel. The transportation sector consumes approximately 16% of global steel
output, utilizing high-strength low-alloy (HSLA) steels for automotive chassis and advanced rail
steels capable of bearing heavier axle loads at higher speeds. Energy infrastructure depends
heavily on steel for oil and gas pipelines, wind turbine towers that require 150—200 tons of steel
per megawatt of capacity, and nuclear reactor pressure vessels manufactured from specially
treated low-carbon steels. The manufacturing sector utilizes precision steel components in
machinery, tools, and industrial equipment, while consumer goods ranging from appliances to
packaging also incorporate steel in various forms. Beyond conventional applications, specialized
iron-based materials find use in medical implants due to their biocompatibility, in
electromagnetic shielding for sensitive electronics, and as catalysts in chemical processes like
ammonia synthesis. This remarkable diversity of applications stems from the ability to tailor
steel's properties through alloying and heat treatment to meet specific mechanical, chemical, and
physical requirements across virtually every industrial sector (Jones & Kumar, 2022).

1.1.9 Industrial Advancements in Iron Production:

Because steel is one of the most essential materials in the construction industry, many people are
unaware of its importance. The traditional blast furnace route of ironmaking has been
supplemented by direct reduction processes using natural gas or hydrogen as reductants, which
dramatically reduce CO, emissions compared to coke-based reduction. Modern blast furnaces
incorporate top gas recycling, pulverized coal injection, and contemporary sensor networks to
enhance performance. These furnaces achieve productivity higher than 3 tons/m?/ day and coke
rates below 300 kg/ ton of hot metal. Steelmaking has embraced the use of basic oxygen furnaces
(BOF) with combined blowing processes that make it possible to control the steel chemistry
more accurately. Electric arc furnaces (EAF) now dominate the scrap-based steelmaking, with
tap-to-tap times under 40 minutes. Ultra-high-power designs are generally used, as well as
chemical energy supplementation. Modern integrated mills achieve a wastewater recycling
unitrate of over 98%, slag valorization for cement making and near-100% recovery and reuse of
process gases. The digital world is now being used by the sectors in their functioning. For
example, Plant-wide sensor network, predictive maintenance algorithms and simulation
techniques in which the optimum material production scheduling and energy are used. New

technologies such as hydrogen plasma smelting reduction and electrolytic iron production may
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offer carbon-neutral ironmaking routes, but scale-up challenges limit their potential commercial
viability (World Steel Association, 2023).

1.1.10 Economic Importance of Iron Ores:

The annual production of iron ore is over 2.5 billion metric tons. Furthermore, its annual market
value fluctuates between $200 — $300 billion and is an important global commodity. The
geography of the business is quite concentrated. For instance, more than 60% of worldwide
seaborne market trade comes from Brazil and Australia. Also, China represents almost 70% of
the global iron ore market which feeds the steel industry. Price formation is complex. Chinese
infrastructure spending is one thing that influences price formation. Global demand trends for
steel also matter. Other influences include mine supply disruptions at the major iron ore mines.
with the Platts IODEX 62% Fe index serving as the benchmark for pricing negotiations. For
producing nations, iron ore exports frequently represent a significant percentage of total export
earnings - for instance, comprising 36% of Australia's total goods exports in 2022. Developing
countries with substantial iron ore resources face both opportunities and challenges, as seen in
Algeria where the Gara Djebilet deposit's development could potentially generate $2-3 billion
annually in export revenues but requires massive infrastructure investments estimated at $5-7
billion for rail and port facilities. The industry's economic impact extends beyond direct mining
to encompass extensive value chains including shipping, steel production, and manufacturing
sectors that consume steel products, making iron ore availability and pricing critical factors in
overall industrial competitiveness (USGS, 2023).

1.1.11 World iron ore trade:

In 2013, China took the lead as the country with the largest iron ore imports, accounting for 65%
of the world’s seaborne iron ore trade. The countries with the next largest market shares include
Japan (11%), Europe (10%), and Korea (6%). These imports clearly show that the Asian nations
still drive the growth of the global iron ore industry. Between 2000 and 2012, iron ore imports
into China rose from about 50 Mt/a to around 745 Mt/a but in 2013, China imported about 820
Mt/a for which the major contributors include Australian, Brazilian, South African, Canadian and
Indian imported ores. Rio Tinto and BHP Billiton and Vale in Brazil are the three largest iron ore
producers. Their major operations are mainly in Australia. Together these firms control over 74
percent of the seaborne trade in the world’s iron ore.

In recent years, China’s iron ore imports have continued to grow, reaching nearly 1200 Mt/a in
2023, with further increases expected through 2025 (International Iron Ore Study Group, 2024).
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1.1.11.1 World iron ore reserves and resources:

Key iron ore-producing countries do not lack iron ore reserves that can be technically and
economically exploited. Australia has the largest reserves of both unprocessed (crude) ore and
contained iron, followed quite closely by Brazil which has slightly higher in-situ iron grades.
Russia has advantageous iron ore reserves and grades but, not surprisingly, China is at a
disadvantage in that regard (See Table 1.2 and figure 1.1).

Table 1.2: World iron ore trade

Iron ore imports 2013 (Mt) 2023 (Mt) 2024 (Mt)
China 820 1180 1240
Japan 136 100 100

The European Union 128 120 120
South Korea 63 60 Not mentioned
Iron ore exports
Australia 579 855 866
Brazil 330 380 390
India (net exports) 9 44 38
Canada 36 36 36
South Africa 48 39 61
World trade 1225 1590 1600

Sources: Australian Government Bureau of Resources and Energy Economics (BREE), Bloomberg, United

National Conference on Trade and Development (UNCTAD). GMK Center (2024), Lloyd'’s lyst,

Mysteel.net,Bloomberg, UNCTAD.

RoW 8%

China
74%

Figure 1.1 Distribution of world seaborne iron ore trade by destination in 2023 (RoW: rest of
the world) (4ustralian Government Bureau of Resources and Energy Economics (BREE))
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Large amounts of unprocessed ore in China are substantial and similar to those of Russia, they
are significantly lower in grade, so the contained iron is only about half that of Russia. This is
obviously a long-term issue for China given its current iron ore production rate and need for raw
materials to feed its steel industry. India will also face long-term supply issues given the scope for
economic development and its rapidly rising population. In addition to their reserves, the main
iron ore-producing countries also have substantial resources with reasonable prospects for
eventual economic extraction. The reserves and resources currently under development and
evaluation in a number of countries in West Africa, including Guinea, Sierra Leone, Liberia,
Cameroon, and the Democratic Republic of Congo.

Table 1.3: Estimated iron ore reserves in 2013 in the main iron ore-producing countries

Iron ore reserves (Mt)
Rank Country Unprocessed ore| lron content

1 Australia 35,000 17,000
2 Brazil 31,000 16,000
3 Russia 25,000 14,000
4 China 23,000 7200
5 India 8100 5200
6 Venezuela 4000 2400
7 Canada 6300 2300
8 Ukraine 6500 2300
9 Sweden 3500 2200
10 | The United States 6900 2100
11 Iran 2500 1400
12 Kazakhstan 2500 900
13 South Africa 1000 650

Other countries 14,000 7100

Source: US Geological Survey (2014)

1.1.12 Challenges in Algeria'‘s Iron Ore Sector:

Algeria’'s iron ore industry faces multiple technical and economic challenges that have hindered
the full exploitation of its substantial mineral resources. The Gara Djebilet deposit, containing an
estimated 1.7 billion tons of ore at 57% Fe grade, remains largely undeveloped due to its high
phosphorus content (0.8-1.2%), which exceeds typical steel industry specifications of <0.05% for
most applications. Developing effective beneficiation strategies for this ore requires multi-stage
processing combining pre-concentration to remove silica, followed by specialized phosphorus
removal techniques such as bioleaching or reverse flotation, (Saidi, M., et al,2022). significantly
increasing projected operating costs. Infrastructure deficiencies present another major obstacle,
with the remote location of deposits in southwestern Algeria necessitating over 1,000 km of new
rail lines to connect mines to potential port facilities, which would require capital investments
exceeding $5 billion. The existing EI Hadjar steel complex, designed for processing EI-Ouenza
mine ores, operates with outdated technology and suffers from chronic under capacity, limiting
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domestic demand for beneficiated ores. Compounding these technical challenges are regulatory
uncertainties and limited private sector participation in Algeria's mining industry, discouraging
foreign direct investment needed for large-scale project development. Addressing these barriers
will require coordinated policy reforms, investment incentives, and technology partnerships to
develop commercially viable processing routes for Algeria's challenging ore types (Boukhanouf,
2021).

I.2 The El-Ouenza Iron Mine: A Comprehensive Study on Geology, Operation, and
Sustainable Development:

Iron ore is a basic building block in modern industrial civilization. It is a key raw material used
to make steel, which is essential in building infrastructure, manufacturing ecosystems, and
transportation networks to drive economic development across the globe. Annually,
approximately 2.5 billion tons of iron ore are mined on six continents with the Pilbara region of
Australia, the Carajas Province of Brazil, and the Liaoning Basin of China making up much of
the volume of production and international trade that affect global commodity markets and
industrial policy development. This extremely large extraction quantity shows that vital steel has
become the skeleton of urbanization and technology. For example, 1.6 tons of iron ore feedstock
is required to produce 1 t of steel in a conventional blast furnace. In Algeria, an industrializing
North African country seeking to ensure greater industrial self-sufficiency and lessen dependence
on imports—iron ore—is considered a mineral of great national significance as it would permit
steel-making in the El Hadjar integrated steel complex in Annaba. It is the largest facility in
North Africa in the world. Operationally viable and internationally competitive to rely on
domestic ore supply chains. El-Ouenza is the most important iron deposit in Algeria. It is
geologically complex and has been mined for over 100 years, and the ore grade issue will be
examined in the context of environmental reclamation and technological modernization in an era
of sustainable development. The El-Ouenza iron ore deposit is a fascinating site in northeastern
Algeria. This review provides a systematic overview of the site stratigraphy, mining processes,
processing techniques, and waste reuse possibilities. Socioeconomic implications are important
aspects of the deposit, Furthermore, it is a key site for future-oriented resource management
strategies capable of balancing economic and environmental goals across the entire mine life
cycle that begins at exploration and ends at closure and post-mining land use (Ysbaa, B. Et al.
2021).

1.2.1 Geographic Location in Algeria:
- Precise Coordinates and Physiographic Setting:

The El-Ouenza mine is located on topographically high ground in the Tébessa Mountain range of
north-eastern Algeria. Its exact coordinates are 35°56'N 8°08'E. The mining concession is
located approximately 12 km west of the international border with Tunisia, and 120 km south of
the Mediterranean Sea. This location provides a transboundary context that can promote
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binational environmental cooperation as well as proximity to the Mediterranean shipping
infrastructure. The deposit occupies a vast area of 15 km? in a semi-arid region in Tébessa
Province. The altitude of the site is approximately 900 m above mean sea level. The site’s
microclimate affects operational logistics and ecological management programs. The mining
district is divided into three main operating areas owing to geological and mineralogical
differences. The area is Shagoura Sud: the central mining area, comprising steeply dipping
hematite lenses. This area extends over an area of 3.2 km? and goes to depths of over 250 m
below surface levels. Shagoura Nord: The mines cover an extent of 5.7 km? of northern plateaus
under a weathered pile of goethite-limonite blanket. The average thickness of the deposits was 30
m. Douamis: This area covers 6.1 km? in the southwestern part of the district. It features
complex folded hematite-phyllite sequences. This area has a considerable future resource
potential. However, there is currently a processing challenge. The Mn content is between 0.8 and
3.2% and varies between layers.

1.2.2 Transportation Infrastructure and Economic Connectivity:

El-Ouenza is industrially important because there is a railway line specially designed to enable
the transport of 2.5 million tons of iron ore to the El Hadjar steel complex in Annaba. This 120-
kilometre-long railway line with a track gauge of 1,435 mm and a maximum gradient of 1.5%
was completed in 1939 during the French era. It is fully functional today and can handle 40-
tonne capacity hopper cars. The transported iron ore constitutes 80% of the domestic iron ore
supply of Algeria. This is the material basis for the steel production capacity of 1.2 million tones
that occurs in Algeria. RN16 national highway, a two-lane paved road maintained by the
National Highway Directorate, connects Tébessa to Annaba. This road provides access to mining
districts. However, mine access roads, which are 42 km long, usually require extensive
maintenance because of erosion caused by rainfall during the rainy season. The annual rainfall in
this area ranges between 400 and 600 mm. Most of these events occurred between October and
April. Consequently, plant extraction operations were suspended during the peak weathering
period. As the mine is located close to Tunisia, there are opportunities and challenges presented
by this proximity. Binational agreements make it easy to jointly manage groundwater in the
transboundary Continental Intercalaire aquifer system, which lies at depths of 150-400 m in both
countries and has reserves of more than 30,000 km?. In addition, airborne particulate matter must
be jointly and carefully measured. As a result, two sets of twelve air quality stations (6 in each
country) monitor PMjy and PM; s levels every hour. This helps both countries jointly manage
particulates that affect transboundary pollution based on the provisions of the 2002 Algeria-
Tunisia Environmental Act .This geographical positioning establishes El-Ouenza as a critical
economic asset within Algeria's mineral portfolio while embedding it within a complex matrix of
logistical, environmental, and geopolitical considerations that profoundly influence operational
decision-making and long-term strategic planning (Evtekhov et al., 2016) (Baala, 2021) (Théses
Algérie, 2020) (Faculté des Sciences, 2019).

17



1.2.3 Structural Evolution and Stratigraphic Architecture of Geomorphology:

The geological structure of El-Ouenza was developed in a larger structural context corresponding
to the Saharan Atlas domain (A.A.) orogeny. A.A. corresponds to the first major orogenic event
of the Alpine North African (North African A.) fold belt, which was carried out under conditions
of collision between the African and Eurasian plates. These two-part continental movements
occurred during the Eocene-Miocene period, generating compressive stress of over 150 Mpa that
induced folding and faulting of Proterozoic to Cambrian metasedimentary sequences. This long
deformation period of 15 million years permitted the development of complex structural traps,
which were particularly favorable for mineralization. Nestled in a rock column with three main
rocks, this deposit is part of the Boukhadra region. The most significant is a quartz arenite unit
(coarse sediments) present in the Lower Ordovician Tébessa Quartzite Formation, which has a
thickness between 150 and 200 m. It consists predominantly of quartz arenites, whose grains are
broken and/or fragmented owing to diagenesis (90-95% SiO;). Next, the dolomite unit (fine
rocks) formed in the Middle Cambrian El-Ouenza Dolomite. It had a thickness of 80—120 m. It
was composed of dolostone (10-20% MgO). Finally, the main Tébessa rocks were exposed in
the Boukhadra region (50-80 m). This is a vertical development in the eastern sector of the
Triglia Group of Rocks. Furthermore, polyphase deformation caused by folding and thrusting
disturbs these layers. The axial planes of the folds showed dips between 40 °and 60°. In addition,
the displacement of the thrusts was between 200 and 500 m. As a result, a series of
compartments developed due to folding and thrusting, which made up the Triomphe exploitation
land. In this region, we have ENE-WSW trending anticlines and synclines with a wavelength of
2-3 km. These were dissected by a fault set striking N to S and spaced 500 to 800 m apart.
Furthermore, the faults compartmentalize mineralization into sectors, namely, Shagoura Sud,
Shagoura Nord, and Douamis. Additionally, these sectors have morphologies that influence
extraction methods.

In Shagoura Sud, high-grade hematite forms steeply dipping lenses (45-60°) within quartzite host
rock bounded by reverse faults that displace ore bodies vertically by 10-50 meters, creating
isolated blocks requiring customized extraction sequences to minimize dilution from interbedded
quartz veins that constitute 25-35% of the rock volume in certain horizons. Conversely, Shagoura
Nord exhibits shallow-dipping (20-30°) blankets of weathered goethite-limonite overlying
unoxidized hematite at depths of 30-50 meters, a morphology resulting from supergene alteration
processes during the Plio-Pleistocene that reduced iron grades from 55% to 45-50% while
concentrating manganese oxides along fracture networks in dendritic formations that complicate
beneficiation. The Douamis sector displays intricately folded ore bands interleaved with
manganese-rich phyllites, indicating syn-sedimentary mineralization during the Cambrian that
was subsequently modified by Atlasic tectonism, with manganese concentrations reaching 3%
near fracture surfaces where secondary pyrolusite (MnO:) and cryptomelane (K (Mn*,
Mn?*)3O16) precipitate in botryoidal aggregates.
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Stratigraphically, three principal units govern mineralization patterns: the Basal Quartzite Unit
(50-100m thick) hosts massive hematite with minor pyrite in concentrations of 2-5% that formed
through hydrothermal replacement at temperatures of 200-250°C evidenced by fluid inclusion
studies; the Intermediate Dolomite-Phyllite Unit (30-60m thick) contains stratabound hematite-
goethite lenses where oxidation fronts advanced along bedding planes at rates of 1-5 cm/century;
and the Upper Silicified Limestone Unit (20-40m thick) features disseminated hematite within
karstified zones where collapse breccias created porosity exceeding 30% in localized areas. Each
unit records different phases of hydrothermal activity and weathering history that collectively
create the deposit's renowned heterogeneity, with oxidation depths varying from 30 m in
Shagoura Nord's fractured zones to 80 m in Douamis, where phyllite layers inhibit fluid
migration, resulting in iron content fluctuations between 40-60% Fe over lateral distances as
short as 10 m, a variability that challenges resource estimation accuracy and necessitates
advanced geostatistical approaches for effective mine planning (Baala, 2021) (Evtekhov et al.,
2016) (Douamis Report, 2014) (MSILA University, 2020) (DSpace-Univ-Annaba, n.d.).

1.2.4 Mineralization and Ore Characteristics: Paragenetic Sequences and Metallurgical
Implications:

The mineralogical composition of the El-Ouenza ores reveals a dynamic interplay between
primary hydrothermal processes initiated during the Cambrian rifting and subsequent weathering
regimes active since the Neogene, with hematite (Fe,O3;) dominating unweathered zones as
coarse-grained specular crystals reaching 5 mm in diameter in the quartzite veins of Shagoura
Sud and fine-grained microcrystalline disseminations (10-50pum) in the dolomitic matrices of
Douamis, often intergrown with gangue minerals that complicate liberation during beneficiation
due to textural complexities along mineral boundaries. In Shagoura Nord's near-surface
environment, pseudomorphic replacement of hematite by goethite preserves the original
sedimentary banding while reducing iron grades by 10-15% and introducing vuggy porosity of
25-30% that diminishes metallurgical recovery by 15-20% compared to unweathered
counterparts, whereas limonite formation in groundwater-saturated zones exhibits botryoidal
textures enriched with manganese (2-3% MnO) and arsenic (150-300 ppm), which pose
significant environmental and processing challenges through increased reagent consumption.

Gangue mineralogy varies substantially across stratigraphic horizons: quartz appears abundantly
(15-25%) as coarse veins exceeding 10 cm width in primary zones and cryptocrystalline masses
in oxidized horizons, requiring fine grinding to 75um for effective liberation; clay minerals,
particularly kaolinite and illite (5-12%), dominate weathered zones where they introduce alumina
(4-8% Al,O3) that compromises pellet quality by reducing compressive strength from 250
kg/pellet to 180 kg/pellet at equivalent binder dosages; manganese oxides such as pyrolusite
(MnO) and cryptomelane form dendritic coatings in fractures with crystal lengths of 1-5 mm;
and carbonates including siderite (FeCO,) occur in deep, unoxidized zones where they contribute
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CO: emissions during thermal processing at rates of 0.8tons CO, per ton of concentrate
produced.

Based on comprehensive borehole assays and petrographic analysis of 2,000 thin sections, ores
are classified into four distinct types reflecting geological evolution and spatial distribution: Type
1 (Massive Hematite) occurs in Shagoura Sud's lower strata as banded iron formation relics with
specular hematite (>55% Fe, <15% SiO,, 3-5% Al,03;) and minor pyrite (2-4%) that formed
under reducing conditions at depths exceeding 500 meters; Type 2 (Hematite-Goethite Blend)
characterizes Shagoura Nord's transition zone with boxwork textures from hematite dissolution
(48-55% Fe, 15-20% Si0O,, 4-6% Al,O3 where oxidation progressed along microfractures; Type 3
(Goethite-Limonite Dominant) prevails in Shagoura Nord's upper levels with high porosity (40-
48% Fe, 20-25% Si10,, 6-8% Al,0s, 1-3% MnO) developed under seasonally fluctuating water
tables; and Type 4 (Low-Grade Stockpiles) represents historical waste with elevated silica (25-
35%) and alumina (8-12%) requiring advanced valorization due to complex mineral associations.
This mineralogical diversity originates from Cambrian rifting events that initiated mineralization
through basin-bounding fault systems that channeled Fe-rich fluids into porous horizons,
followed by Atlasic orogeny that remobilized ores along fractures through pressure solution
mechanisms, creating vertical geochemical zoning evident in sulfur isotope signatures (&**S
values of -3%o0 to +5%o indicating magmatic-hydrothermal sources) and cerium anomalies
(Ce/Ce* = 1.2-1.8 suggesting oxidative remobilization) that delineate hypogene, supergene, and
lateritic zones with distinctive metallurgical behaviors requiring customized processing
approaches for optimal resource recovery (MSILA University, 2020) (Baala, 2021) (DSpace-
Univ-Annaba, n.d.) (Enrichissement Report, 2020).

1.2.5 Mining and Processing Methods: Integrated Extraction to Concentration
Technologies:

1.2.5.1 Sector-Adapted Extraction Methodologies:

El-Ouenza employs conventional open-pit mining methodologies meticulously adapted to each
sector's geological peculiarities; in Shagoura Sud, where high-grade hematite forms steeply
dipping lenses (45-60°), operations utilize precision drilling with rotary percussion rigs (Atlas
Copco D90KS) producing 150 mm diameter blast holes at 5 m spacing, loaded with ANFO
explosives at 0.8 kg/m* powder factors for controlled fragmentation that minimizes quartz
dilution to less than 15%, with GPS-guided hydraulic excavators (Komatsu PC3000) selectively
loading material for direct rail transport to Annaba. However, the steep dip angles necessitate
high-wall configurations with 70° slopes that increase geotechnical risks, requiring continuous
monitoring through 50 prism stations and 12 inclinometers installed along critical sections, with
stabilization measures including rock bolting (32 mm diameter, 8m length) at 2m grid spacing
and shotcrete application (100 mm thickness) on unstable faces.
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Shagoura Nord's shallow-dipping (20-30°) weathered goethite-limonite layers demand
fundamentally different strategies: rotary drilling (Sandvik DR460) of moisture-rich ore (8-12%
natural moisture content) at wider 7m spacing to prevent hole collapse, followed by reduced-
charge blasting (0.5kg/m?) that preserves delicate goethite structures, and dedicated rotary drying
systems (8m diameter, 30m length) that reduce moisture to <5% before crushing, preventing
clogging in downstream processing equipment while optimizing energy efficiency through waste
heat recovery from dryer exhaust gases. The Douamis sector employs sensor-based sorting at
active pit faces using STEINERT KSS X-ray transmission technology that identifies Mn-bearing
minerals based on atomic density contrasts >2.8 g/cm?, rejecting 30% of low-grade material
before processing and significantly reducing volumes entering the concentration circuit while

improving concentrate quality. Across all sectors, haulage operations deploy 28 CAT 789D
trucks with 180-tonne capacities traveling along 42 km of internal roads that require 15,000
tons/month of laterite gravel for dust suppression and surface stabilization, representing an
annual maintenance cost exceeding $1.2 million due to erosional damage during seasonal rains
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that deliver 450 mm precipitation between November and March.

Figure 1.5 View of El-Ouenza mine Open pit (Google Maps; 2025).
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1.2.5.2 Beneficiation Challenges and Titration Dependency Crisis:

Beneficiation strategies confront sector-specific complexities exacerbated by analytical
limitations: the Shagoura Sud circuit employs three-stage crushing (primary jaw crusher FL
Smidth 1.5m x 2.0m reducing ore from 1000mm to 250mm; secondary cone crusher Metso
HP800 at 250mm to 80mm; tertiary impact crusher Sandvik CI732 at 80mm to 25mm) followed
by ball milling (5.5m diameter x 7.5m length) to 75um for mineral liberation, but titration's
inability to differentiate Fe?"/Fe*" in blended feeds causes overgrinding of softer goethite
components, consuming 25-30 kWh/ton when selective comminution could conserve 15-20%
energy. Reverse flotation of Douamis ores suffers from recurrent reagent poisoning because
titration cannot detect manganese interference (1-3% MnO), leading to unexplained hematite
depression when amine collectors (Armeen T at 300g/ton) adsorb onto MnQO, surfaces, reducing
concentrate grades from 62% Fe to 58% Fe and increasing silica content from 6% to 9%. The
absence of real-time silica assays further prevents the dynamic adjustment of hydro-cyclone
operations, resulting in alumina-rich clay reports to pellet feeds that diminish agglomerate
strength below commercial specifications of 250 kg/pellet to 180 kg/pellet maximum.

laboratory technicians spent 70% of shifts in manual sample preparation (crushing, digestion,
titration) rather than process optimization, while 48-hour assay delays forced supervisors to
operate grinding circuits using historical averages rather than real-time data, culminating in
estimated annual losses exceeding $2 million through energy overconsumption (exceeding 30
GWh/year) and recovery shortfalls (5-7% below theoretical maximum). This analytical
deficiency is compounded by Algeria's import restrictions on advanced instrumentation and
insufficient technical training programs, creating a self-perpetuating technological gap in which
reliance on 19th-century analytical methods impedes 21st-century operational efficiency and
environmental compliance.

1.2.5.3 Agglomeration Technologies and Modernization Roadmap:

To valorize fine-grained processing waste, researchers have optimized pelletization using 2-3%
bentonite binders (montmorillonite content >85%) in disc pelletizers (9m diameter, 35°
inclination) that yield 10-16 mm pellets with 63-65% Fe and compressive strengths exceeding
250 kg/pellet after induration at 1,250°C for 30 min, meeting blast furnace specifications while
reducing the return fines generation to <5% through precise moisture control at 9.2% feed
humidity. Sintering trials in Dwight-Lloyd machines (4m width, 120m? grate area) at 1,250-
1,300°C with 10% coke breeze (5-10 mm size fraction) produce agglomerates suitable for direct
furnace charging, although energy consumption remains higher than pelletizing at 25-30
kWh/ton versus 18-22 kWh/ton due to higher exhaust gas volumes requiring treatment.
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Modernization initiatives focus on overcoming titration constraints through phased
implementation: portable XRF analyzers (Olympus Vanta series, $25,000/unit) enable pit-face
Fe/Mn/Si quantification with +0.5% accuracy in <2 minutes, eliminating assay delays; on-site
ICP-OES laboratories (PerkinElmer Avio 500, $180,000) provide hourly trace element
monitoring for As, Pb, and Cr; and automated mineralogy systems (MLA-SEM, $500,000)
optimize liberation characteristics sector-by-sector, revealing that Shagoura Sud's specular
hematite could be liberated at 150um rather than standard 75um, potentially reducing grinding
energy by 30%. Complementary investments in solar hybridization (20 MW photovoltaic plant
with 60 MWh battery storage, $5.2 million) leverage Algeria's 2,500 kWh/m?*/year solar
insolation to reduce grinding circuit emissions by 15,000 tons CO/year while insulating
operations from grid instability, representing a convergence of analytical precision and
renewable energy integration that defines the future of sustainable mining (Enrichissement
Report, 2020; Theses Algérie, 2020; Tébessa University, 2020; Faculté des Sciences, 2019).

1.2.6 Reuse and recycling of valuables:
1.2.6.1 Legacy Environmental liabilities, and remediation initiatives:

The mining that has occurred for decades at El-Ouenza has created over 100 million tons of
tailings that have been deposited over 320 hectares of unlined ponds in the Oued Boukhadra
watershed. This has resulted in a highly complex environmental dilemma that occurs via many
pathways. Silica-rich wastes (20-25% SiO,) that contain residual iron and arsenic levels of 150-
500ppm leach into water during rainy seasons. Contamination of the transboundary Continental
Intercalaire aquifer by these tailings resulted in arsenic levels reaching 300 ppb. This is already
over 300% of the World Health Organization (WHO) guidelines, which means that binational
remediation will be required under the auspices of the 2002 Environmental Cooperation Accord.
The uncovered stockpiles generate 12,000 tons of dust emissions per year, causing particulate
matter. PM2.5, analyzed in the village of Bir El Ater, revealed that the levels regularly reach 75
pg/m* when compared to the World Health Organization standard of 25 pg/m? and the
subsequent asthma levels of 40% in children of long-term residents. This status was validated
using pulmonary function tests conducted in 2022. The instability of slopes on the peripheries of
waste repositories, whose inclinations vary between 25° and 30°, causes erosion. Freeze-thaw
cycles, where temperatures vary between -5° and 25°, create ice lenses in the clay-rich interbeds
and lead to a 40% reduction in shear strength. The stability of these slopes leads to the transport
of 8,000 tons/year of contaminated sediments into agricultural fields, further worsening the scope
of damage. The reclamation liabilities that will make the land and community safer are assessed
to be worth $12 million for an overall stabilization project through measures such as terracing,
Phyto capping, and drainage control infrastructure. (Soomro, A. Et al,2024).
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1.2.6.2 Circular Economy Material Repurposing Pathways:

Strategic repurposing of mining waste transforms environmental liabilities into economic assets
through science-driven valorization: silica-dominated tailings substitute 30% of natural sand in
C25-grade concrete production, achieving compressive strengths of 32 MPa at 28 days curing
while reducing cement consumption by 15% and associated carbon emissions by 0.4 tons CO:
per cubic meter of concrete produced. Hematite-rich fines (<75um) undergo low-intensity
magnetic separation (1,200 Gauss) and calcination at 800°C to produce iron oxide red pigments
of >98% Fe,O; purity for construction coatings, establishing a potential $5 million annual
revenue stream from previously discarded materials through partnerships with Algerian paint
manufacturers (SIPPEX, COFINA). Geopolymerization represents a revolutionary pathway in
which alkali activation (8M NaOH + sodium silicate solution) of phyllosilicate-rich tailings
yields structural binders with a compressive strength of 32MPa without Portland cement,
simultaneously sequestering heavy metals through incorporation into aluminosilicate matrices,
while consuming 60% less energy than conventional cement production.

Manganese recovery from Douamis tailings via bioleaching with “Shewanella oneidensis” at pH
3.5-4.0 and 30°C produces Mn?** solutions that undergo electrolysis to deposit battery-grade
MnO, on titanium anodes, achieving 95% purity suitable for lithium-ion battery cathodes,
positioning El-Ouenza within emerging battery value chains while resolving historical
contamination issues. Slope stabilization integrates engineering and ecology through terraced
phytocaps of “Atriplex halimus” (saltbush) and “Ficus carica” planted at 1 plant/m? density that
reduces erosion by 70% while phytoextracting 15 kg/ha/year of trace metals. Permeable reactive
barriers composed of limestone-zeolite blends (50:50 ratio) neutralize acidic seepage in
groundwater recharge zones by raising the pH from 3.5 to 6.8 while precipitating heavy metals as
hydroxides, demonstrating how circular economy principles can reconcile ecological restoration
with resource efficiency at landscape scales.

1.2.6.3 Socioeconomic Integration and Community Health Initiatives:

For El-Ouenza City's 50,000 residents, mine dependencies intertwine with environmental
burdens: silicosis prevalence among 800 waste workers reaches 32%, as confirmed by
radiographic surveys, demanding mobile clinics equipped with digital radiography units for early
detection during biannual occupational health campaigns. Youth unemployment exceeding 45%
necessitates vocational training centers in geopolymer manufacturing and solar infrastructure
maintenance, with curricula developed in partnership with Tébessa University to certify 200
technicians annually for employment in valorization industries. Revenue-sharing mechanisms—
allocating 2% of valorization profits to community health funds—could transform social
contracts by financing asthma treatment programs providing free bronchodilators to 1,200
affected children and scholarships for 50 university students annually in mining-affected
communities, where historical inequities persist since colonial administration.
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Policy frameworks such as Circular Economy Tax Rebates (30% deduction for waste-to-product
investments) incentivize private sector participation in silica-based construction material plants,
while Community Benefit Agreements legally bind 20% of processing efficiency savings to local
infrastructure development, formalizing reciprocity absent in colonial-era extraction paradigms
and establishing new standards for resource transitions in developing economies. These
integrated approaches position El-Ouenza as a testbed for the UN Sustainable Development
Goals, particularly SDG 9 (Industry, Innovation and Infrastructure), SDG 11 (Sustainable Cities),
and SDG 12 (Responsible Consumption), through measurable reductions in resource intensity,
pollution loading, and health disparities (Faculté des Sciences, 2019; Idres et al., 2017; Mero et
al., 2018; Theses Algérie, 2020).

1.2.7 Previous studies:

By integrating Zerzour's geostatistical precision (3D kriging models reducing reserve estimation
errors to <5%), Ramos's material repurposing frameworks (geopolymer binders cutting cement
emissions by 60%), and Mero's community engagement models (revenue-sharing mechanisms
funding health/education), El-Ouenza can pioneer a Global South template for 21st-century
mining—where subterranean wealth funds surface prosperity, geological inheritance becomes a
sustainable legacy, and Algeria positions itself at the vanguard of resource-efficient mineral
development. This transition demanded courageous policy reforms: revising equipment import
regulations to facilitate analytical technology acquisition, establishing a National Mining Waste
Valorization Fund capitalized at $50 million, and ratifying enhanced binational water governance
protocols with Tunisia. Although requiring investment exceeding $25 million over 2025-2030,
the return transcends economics: the redemption of colonial extraction enclaves into a beacon of
the regenerative industry that aligns mineral endowment with intergenerational equity and
ecological resilience across the Maghreb region. As climate change intensifies water stress and
decarbonization reshapes steel technology, El-Ouenza's metamorphosis offers lessons for mining
regions worldwide, proving that sustainability emerges not from abandoning extractive industries
but from reimagining their purpose within planetary boundaries and social justice imperatives.

1.2.8 Integrating Geological Heritage and Sustainable Futures:

El-Ouenza embodies Algeria's mineral paradox: a century-old deposit of immense geological
wealth constrained by technological inheritance and environmental legacy. Breaking titration
analytical stranglehold through portable XRF and ICP-OES laboratories represents the critical
catalyst for transformation, enabling real-time ore control that optimizes extraction sequencing,
reduces energy intensity by 20%, and unlocks 100 million tons of stranded resources within
historical waste stockpiles. Beyond technical modernization, El-Ouenza's future hinges on
reimagining mining paradigms: waste becomes feedstock for circular manufacturing industries;
slopes evolve into stabilized phytoremediation sites that sequester carbon and restore
biodiversity; and communities transition from impact-bearers to innovation partners in

valorization enterprises that generate dignified employment beyond extraction.
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Conclusion:

This study examined iron ore in-depth from multiple perspectives, establishing its essential
mineralogical characteristics, beneficiation techniques, and its economic importance.

The analysis reveals that while conventional beneficiation methods remain effective for hematite
and magnetite ores, increasingly complex ore types, such as those found in Algeria, require
innovative beneficiation solutions combining advanced approaches. Modern advances in sensor
sorting, high-pressure grinding, and hydrogen reduction demonstrate the industry's technological
adaptability, particularly in response to environmental imperatives. For Algeria to realize its
potential in this sector, strategic investments must address the technical challenges associated
with system infrastructure limitations, potentially through international partnerships leveraging
recent advances in bioleaching and hydrometallurgy.

This study highlights the critical importance of continuing research into sustainable enrichment
methods capable of exploiting complex deposits while minimizing environmental impact,
particularly in developing countries seeking to develop their mineral resources.
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Chapter 11: Materials and
Experimental Methods
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II.1 Introduction:

This chapter outlines the comprehensive methodologies and analytical procedures used to study
the samples from the El-Ouenza iron deposit. This study had two main goals: the first goal is: the
characterization of El-Ouenza iron ore by defining and identifying the grain size distribution and
assessing the liberation state of the minerals according to the normalized process, chemical and
mineralogical composition of the samples, and quantifying their mineral phases. The second goal
is: to use magnetic separation to separate and valorize the El-Ouenza iron ore to obtain an iron
rich in hematite. The influence of magnetic separation parameters on the enrichment of El-
Ouenza ore were carried out.

The specific tools employed for this study are described in this chapter.
I1.2 Sampling:

Sampling is the operation of collecting samples that represent the entire surface area of the
studied zone. With making sure that the samples were well preserved to avoid any possible
contamination. (Matias Miguel, Salvarredy Aranguren., 2008).

Following a well-defined sampling protocol aims to obtain representative samples containing all
the physical and chemical characteristics of the entire study site (Pineau J. L., 1996). The main
steps characterizing a sampling approach are the development of a collection strategy, collection
of samples on-site, preservation of samples, and preparation for various analyses and processing
methods. The value of the characterization results depends on the adequate execution of all steps.
The collection strategy is based on the volume and number of samples, as well as the choice of
sampling points (number and positioning). The representativeness of the samples depends largely
on the choices made (A. Gosselin et al., 1999).

The samples investigated in this study were collected from the Chagoura zone, located within the
larger El-Ouenza iron ore deposit in northeastern Algeria. The Chagoura sector represents a local
ore stock of more than 3 million tons, characterized by moderate to low iron grades. It was
chosen because of its underutilized potential and the increasing interest in upgrading lower-grade
iron ores for industrial use.

The geological context of the sampling area corresponds to the Proterozoic units of the Ouenza
deposit, where iron mineralization occurs mainly as hematite, frequently associated with quartz,
goethite, and minor amounts of clay minerals.

Representative ore samples were collected from various accessible points within the Chagoura
stockpile of the El-Ouenza Mine. The collection was performed manually in collaboration with
site engineers to ensure the coverage of geologically distinct zones. These samples were intended
to represent the local variability of iron mineralization and were later transferred to the
laboratory at EI-Ouenza for preparation and analyses.
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I1.3 Comminution and valorization of iron ore:
Sample preparation followed standard laboratory procedures (NF EN 933-1) aimed at
comminution (reducing the particle-size and enhancing mineral liberation), and the application of

magnetic separation. Each sample for each test was weighted of 30g.

The main steps are illustrated in the following flowsheet processing (figure I1.1):

El-Ouenza Mine

Y
Sampling —
(Collection from the Stockpile) [€ Characterization

A 4

Crushing

.

Grinding (Ball Miling)

Particle-size classification |«—| Characterization

Magnetic Separation
(Using factorial plan)

RN

Non-magnetics products Magnetics products
(15 samples) (15 samples)

Characterization

Figure II.1: The proposed flowsheet of EI- Ouenza iron ore
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11.3.1 Crushing:

The first step in comminution process was dry crushing, which reduced the ore to a particle size
of approximately 4 mm. This initial size reduction is essential for handling and further treatment.
Crushing does not typically produce tailings or loss of material (European Office for the PRIP,
2004). To reduce the iron ore of the selected sample from El- Ouenza mine, a laboratory Retsch
crusher was used, adjusted between 20 and Imm (Figure I1.1).

Figure I1.2: Laboratory crusher of ElI-Ouenza mine.

11.3.2 Grinding:

The crushed material (iron ore) was subjected to the secondary step. For the grinding process, a
laboratory grinder was used to achieve a size of less than 1 mm. This size threshold was selected
to enhance mineral liberation, which is essential for accurate chemical and mineralogical

analyses as well as downstream separation processes. The type of used grinder is Retsch RS100
(Figure I1.2).
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Figure I1.3: El-Ouenza mine laboratory disc grinder.

After collection, the raw samples were subjected to primary crushing followed by grinding using
a laboratory grinder to achieve a particle size of less than 1 mm. This particle size threshold was
selected to allow optimal liberation of iron minerals prior to the characterization and
concentration steps. The ground material was then homogenized and subdivided into test
portions for further analysis.

11.3.3 Quartering:

To ensure sample representativity, the ground material was subjected to quartering (also known
as coning and quartering). This step involved homogenizing the sample and systematically
reducing its volume by dividing it into four equal parts, discarding two diagonally opposite
quarters, and recombining the remaining two. The process was repeated as needed to obtain
laboratory-scale subsamples while preserving the original mineralogical composition
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Figure I1.4: Sampling quartering method

(https://blog.wstyler.com/particle-analysis/how-to-prepare-a-sample-for-particle-size-testing)

I1.4 Analytical Methods
11.4.1. Particle Size Distribution

Particle size analysis was conducted to evaluate the grain-size distribution of particles in the ore
sample and identify the distinct size classes within a material. This analysis is fundamental to
understanding the texture and structure of the ore and provides essential data for interpreting
mineral liberation and the distribution of mineral species across particle size fractions. Chemical
analysis can subsequently be applied to each fraction to assess the selective mineral
concentrations.

The particle size distribution was determined on a dried sample of 3070 g of iron ore using a
Control dry sieving machine (Figure II1.5) equipped with sieves of dimensions 200 mm x 50 m.
This analysis was carried out at the Mining Institution laboratory, Larbi Tebessi University.

Sieving was performed for 30 min at an amplitude setting of 60, in accordance with the
European standard NF EN 933-1 (see the Annexes section). This standard defines the method
for determining the particle size distribution of aggregates by dry or wet sieving through a set of
test sieves of defined aperture sizes.

The sieve stack included mesh openings of: (2 mm, 1 mm, 0.5 mm, 0.25 mm, 0.125 mm, 0.063
mm)
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Figure I1.5 The samples and the laboratory sieve stack

After sieving, the retained fractions on each sieve were weighed using a precision balance with
an accuracy of 0.01 g. The relative weight of each fraction was calculated to determine the
percentage distribution of particles.

This analysis revealed that the majority of the sample mass was distributed between 0.125 and
0.5 mm, suggesting an overall fine texture and good liberation potential for iron-bearing
minerals. The data obtained also support the decision to proceed with magnetic separation of fine
fractions, especially those below 1 mm.

ILI.5 Chemical Composition (Determination of Fe;O3; Content by Volumetric Titration)

To determine the iron content of the ore samples, a volumetric redox titration method was
employed. The same procedure employed by the EI-Ouenza mine for routine evaluation. This
classic wet chemistry technique allows for the accurate quantification of iron oxides, particularly
Fe.0s, by reducing ferric ions (Fe*") to ferrous ions (Fe?") and titrating with a standardized
oxidizing agent. The procedure was performed at the El-Ouenza mine laboratory under
supervision using standard protocols.

- Sample Dissolution

From each particle size fraction (—1 mm and —0.063 mm), 0.1 g of the sample was weighed into
a clean beaker. To each beaker, 25 mL of hydrochloric acid (HCI) was added. The mixture was
gently heated to dissolve the iron oxides, as indicated by the disappearance of reddish-brown
particles. Once fully dissolved, the solution was removed from the heat, and distilled water was
added to rinse the walls of the beaker, adjusting the total volume to 100 mL.
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Figure I1.6: Measuring and heating procedure

- Reduction and Stabilization of Fe’":

To reduce Fe*' to Fe?, stannous chloride (SnCl,) was added dropwise until the solution changed
from orange to colorless, indicating complete reduction. Then, 10 mL of mercuric chloride
(HgCl,) was added to eliminate any excess Sn*" by precipitating the HgCl,. This step is critical
for preventing interference during titration.

- Acid Complexation:

A previously prepared acidic mixture was added to each sample. The mixture was composed of
the following:

150 mL sulfuric acid (H2SOa4)
150 mL phosphoric acid (HsPO.)
Diluted with distilled water to 1000 mL

This acidic environment enhances the titration endpoint visibility and stabilizes the Fe**
complex.

- Titration Procedure:

After adding 10 drops of a color indicator, each solution was placed on a mechanical stirrer.
Standardized potassium dichromate solution (K,Cr,0O7) as added dropwise from the burette

34



The titrant, originally prepared from crystalline potassium dichromate, had a titer factor of 2.93,
as provided by a laboratory engineer.

g

"POTASSIUM DICHROMATE eri
Dur 99 % minimum

Figure I1.7 Titration procedure

The endpoint was marked by a color change from colorless to purple, indicating the complete
oxidation of Fe?" back to Fe*" by K,Cr,05.

Fe (%) = 2.93 * Volume of K,Cr,O7used (mL).



Figure I1.8 The endpoint of the titration

The titration results showed high reproducibility between the different particle-size fractions.
The average iron content was calculated by taking the mean of all titration values, resulting in an
overall Fe,Os3 content of approximately 43—44 %. These values are consistent with the known
characteristics of moderate-grade ores from the Chagoura zone.

I1.6 Complementary Analyses:

In addition to the basic testing, representative samples were submitted for advanced analysis.
I1.6.1 X-Ray Fluorescence (XRF):

a non-destructive technique used to determine the chemical composition of a material by
measuring the characteristic X-rays emitted by elements when excited by a primary X-ray
source.

It enables both qualitative and quantitative elementals analysis of major, minor, and trace
elements in solid, powdered, or fused samples.

This method is widely used for analyzing ores, rocks, soils, and industrial products due to its
precision, speed, and reliability. In our study all the chemicals analyses were carried out using a
S8 Tiger, Bruker (figure I1.8) at the cement (JICA) company laboratory of Hadjar-Soud, Spa.
SCHS. Bekouche Lakhder located in Azzaba city.
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Figure I1.9: The used XRF machine (laboratory of GICA, Skikda, 2025)
I1.6.2 X-Ray Diffraction (XRD):

In materials research, scientists ask many analytical questions related to the chemical composition
and crystalline makeup of materials. X-ray diffraction (XRD) is the only laboratory technique that
accurately and non-destructively obtains structural information such as chemical composition,
crystalline structure, crystallite size, lattice strain, preferred orientation, and layer thickness. These
researchers therefore use XRD to analyze a wide range of materials, from powders to solids, thin
films, and nanomaterials (Malvent Panalytical, 2025). In this study; all the mineralogical analyses
were carried out using a D2 Phaser invented by Bruker (figure II. 9) at the cement (JICA)
company laboratory of Hadjar-Soud, Spa. SCHS. Bekouche Lakhder located in Azzaba city.

Figure I1.10: The used XRD machine (laboratory of GICA, Skikda, 2025)
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I1.6.3 Scanning Electron Microscopy (SEM-EDS):

Scanning Electron Microscopy (SEM) provides a high resolution, high magnification image of a
sample material by emitting a finely focused beam of electrons onto a sample. This beam
interacts with the molecular composition of the sample. These interactions produce a series of
measurable electron energies that are analyzed by the scanning electron microscope to create a
three-dimensional image (Gossman Forensics)

The sample of iron ore collected from El- Ouenza mine was analyzed using PHILIPS / FEI
QUANTA 250, Figure I1.10 at the National Higher School of Technology and Engineering, Sidi
Amar, Annaba

Figure I1.11: The used SEM-EDS (Laboratory of NHSTE, Annaba)

I1.7 Magnetic Separation Testing:

Magnetic separation is a physical method of separating components of mixtures based on
differences in their magnetic susceptibility. It is commonly used to extract or concentrate
magnetic materials from non-magnetic ones, particularly in the mining industry and
environmental applications.

It is especially effective for separating ferromagnetic and paramagnetic minerals (like magnetite
or hematite) from diamagnetic or non-magnetic ones (such as quartz, kaolinite, or calcite).

I1.7.1 Principal of operation:

The magnetic separation of solid waste is a method of separating ferromagnetic substances using
the magnetic field generated by the magnetic separation equipment. Magnetic separation is
primarily used in solid waste treatment systems to recover or enrich ferrous metals, or in certain
processes to remove ferrous materials from solid waste. Overhead magnetic separation
equipment is used in some large-scale equipment to recover iron metal prior to crushing. For
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example, the Fe could be recovered before the waste is incinerated. Magnetic separation and
recovery devices have also been used in landfill treatment sites to separate ferrous metals from
waste before disposal (Zhou Tao et al., 2023)

I1.7.2. Used Equipment Description:

Magnetic separation experiments were conducted using a custom-built dry magnetic separator
designed by Dr. M. Laraba (figure II.11). This experimental was specifically developed to test
the magnetic behavior of fine and medium iron ore fractions from the El-Ouenza mine under
various conditions. The hematite is classed as a paramagnetic material, with y =500 ~ 760.10°
cm?®/g at room temperature respectively (Jan Drzymala, 2007).

Separator body

Figure I1.12: Used magnetic separator (Manufactured by Dr. Laraba M.)

I1.7.3. Operating principle of the magnetic separator:

The machine operates on the principle of generating a magnetic field using an adjustable
electromagnet. This machine is equipped by a coil that containing a canister (a box filled with an
extraction matrix (figure I1.12).

When the magnetic field is applied, the material is passed through the matrix; the particles with a
sufficiently high magnetic susceptibility are attracted to the balls matrix, and the non-magnetic
particles (tailings) leave the system (Figure I1.12, step 1). When the matrix retention capacity is
reached, the feed is stopped, a water wash is carried out under field to clean the matrix of
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mechanically trapped particles (magnetic particles), then the magnetic field is brought back to
near zero, in order to expel, by pressurized water, the magnetic particles (Figure I1-12, step 2).
The feed can then resume. These different operations constitute the operating cycle of this
separator.

In this magnetic separator, the matrix is constituted by steel balls (figure I1.13).
This matrix has three main goals:

- To produce collection sites for paramagnetic particles and thus enable the separation of
non-magnetic particles;

- To obtain high magnetic field gradient values in the separation zone, thereby generating
strong attractive forces;

- To amplify the applied external magnetic field, with a more uniform distribution of field
lines throughout the separation zone (Jan Drzymala, 2007).

Feed Rincing

\\! \\!

\H/ \}/
[ orr i | [ e |

Step 1 Step 2

Figure I1.12: Principle of the laboratory magnetic separator (Modified from Laraba M. 2022)
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Figure I1.13: The used Matrix Balls with different sizes

A matrix must indeed offer maximum collection efficiency, minimum magnetic reluctance, good
fluid permeability, but also good ease of cleaning. Table II.1 gives the filling factors of the main
types of matrices. The height of the matrix is also an important parameter as it can contribute to
an increase in the mechanical retention power, but above all as it will determine the retention
time of the particles in the field (Jan Drzymala, 2007).

Table II.1: Filling factors of different matrices (Jan Drzymala, 2007).

Matrix Filling factor F Element diameter (mm)
Balls 0,50a 0,64 2a6
Iron foam 0,01240,05 0,008 4 0,35
Expanded metal 0,12a0,27 0,030a4
Wire mesh (metal weaving) 0,15a0,25 0,50a3
Metallic knit 0,05a0,10 0,02a04
Toothed platesa 0,50a0,80 4 a 8 cannelures par 2,5 cm

For a ball matrix diameter of 2 to 6 mm, the filling factor is 0.5 to 0.64, (50% to 64%).

For a higher filling factor means more surface area for magnetic particles to be captured, this can
improve separation efficiency, as well as increases pressure drop and the risk of clogging.

For a lower filling factor means reduce capture efficiency but allows better flow and lower
energy consumption.
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11.8 Statistical approach:
I1.8.1 Design of Experiment (DOE):

Design of experiments (DOE) is a branch of applied statistics that deals with planning,
conducting, analyzing, and interpreting controlled tests to evaluate the factors that control the
value of a parameter or group of parameters. DOE is a powerful data collection and analysis tool
that can be used in a variety of experimental situations. Before doing any experiment using
common sense evaluating a procedure is called DOE. (K. Soundaranayaki, 2022).

Design of experiments is a statistical methodology for systematically investigating input (X)
independent- output (y) (dependent) relationship.

» To identify important design variables:
- Planning the experiments;
- To optimize process and product design;
- Achieve robust performance.
» Key technology in product and process design (lab scale to field scale)
» Used in Chemical Engineering, Bio Process Engineering, Environmental Engineering,
Industrial Engineering and Manufacturing unit (K. Soundaranayaki, 2022).

In our study, the Box-Behnken factorial design was selected to establish the relation between the
variables parameters of magnetic separator (magnetic field intensity (I), particle size of iron ore
(SP) and dimension of matrix balls DB) and response functions of grade and recovery. All the
experiments were conducted on laboratory model of magnetic separator that cited in the previous
paragraphs. The experimental data was analyzed using Minitab-19 software.

The 3 variables factors with each at 3 different levels have been listed in Table I1.2.

Table I1.2: Variables factors and their levels

Variables factors Symbol Coded variables level
Low (-1) | Center (0) High (+1)
Grain size (GS) mm X1 0.063 0.53 1
Intensity (I) T X2 0.5 1.25 2
Dimension of Ball matrix (DB) mm X3 8 10 12
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11.8.2 Response surface methodology (RSM):

Response surface methodology (RSM) is a collection of statistical and mechanical methods that
are useful for modeling and analyzing problems. In this technique, the main objective is to
optimize the response surface that is influenced by various process parameters. The RSM also
quantifies the relationship between the controllable input parameters and the response surface.
The design procedure of RSM is:

- Designing of experiments for adequate and reliable measurement of the response,

- Developing a mathematical model of the second-order response surface with the best
fitting,

- Finding the optimal set of parameters that produce a maximum or minimum value of
response,

- Representing the direct and interactive effects of process parameters through two or
three dimensional plots.

If all variables were assumed to be measurable then the response surface can be expressed as:

y=f(X1, X2, X3, ... Xk) 1)
Where:

y is the output variables (response) and Xi the input variables of action called factor.

For the three-level three-factorial Box-Behnken experimental design, a total of 15 experimental
runs are required table I1.3 (Aslan, N. 2008, Ozgen, S. et al. 2009). The objective is to optimize
the response y with an assumption that the independent variables are continuous and controllable
through the experimentation. It is also required to find a suitable approximation for the true
functional relationship between independent variables and the response surface, typically a
second-order model is utilized in response surface methodology (Gunaraj, V. & Murgan, N.
(1999), Kwak, J.S. (2005), Aslan, N. (2007a) and Aslan, N. (2007b).

In Design of Experiments (DOE) and particularly in Response Surface Methodology (RSM), the
general form of multiple quadratic regression model is used using the general following
mathematic relation:

¥ =Bty Bixit Yl Buxt+Xi) T, Bijxix; + € (2)

Where:

X1, X2, X3 : are the input variables that exert influence on the response variable y,
Po, pii, .....pij : in which i=1, 2, ...,k and j=1,2, ..., k are the unknown parameters
€: represents a random error (negligible).
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Table I1.3: Encoded and coded variables of each test.

Test Encoded variables Coded variables

X, X, X; DB (mm) | GS(mm) I(T)
1 0 0 10 0,53 1,25
2 0 1 -1 10 1,00 0,50
3 0 0 10 0,53 1,25
4 -1 0 8 1,00 1,25
5 1 -1 0 12 0,063 1,25
6 1 0 12 1,00 1,25
7 0 -1 -1 10 0,063 0,50
8 0 0 0 10 0,53 1,25
9 0 1 1 10 1,00 2,00
10 1 0 1 12 0,53 2,00
11 -1 1 8 0,53 2,00
12 0 - 1 10 0,063 2,00
13 -1 - 0 8 0,063 1,25
14 1 -1 12 0,53 0,50
15 -1 0 -1 8 0,53 0,50

Following separation under the selected conditions, the magnetic (concentrate) and non-magnetic
(tailing) fractions were collected and prepared for the complementary Analyses (See chapter III).

I1.8.3 Calculation of technological indicators

Each separation product can be characterized by qualitative and quantitative indices. For this

reason, several equations were used (P.I. Pilov & O.V. Petrova, 2013).

Material balance equation for separation products

Qr=Qc + Qr

- Balance equation for yields

YF=Yct YT,

- Yield of concentrate

%
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Yc=Qc/Qr. 100, % (©))

- Yield of tails
y1=Q1/Qr. 100, % (6)

Conclusion

This chapter presents in detail the materials used and experimental methods implemented to
study the characterization and enrichment of iron ore of the ElI-Ouenza mine; samples were
carefully collected, prepared, and subjected to a series of methods in order to determine particle
size distribution, chemical and mineralogical compositions.

The magnetic separation protocol was defined taking into consideration the ore characteristics
and the optimization objective set.

These procedures created a reliable database that will serve as a basis for interpreting the results
presented in the following chapter.
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Chapter I
Results and Discussion
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I11.1 Introduction:

In the first part of this chapter, we will present the various results of the characterization carried
out on the El-Ouneza iron ore and the analyses of the magnetic products issued from high-
intensity magnetic separation (HIMS) included grain-size chemical analysis, scanning electron
microscopy coupled with energy-dispersive spectroscopy (SEM-EDS), X-ray fluorescence
(XRF), and X-ray diffraction (XRD).

In the second part of this chapter, we will present the results of statistical analyses using Minita-
19 software to study the effects of magnetic separation parameters on the recovery of EI-Ouneza
iron ore, as well as an optimization of these parameters.

111.2 Results of Iron ore characterization

111.2.1 Grain-size Analysis:

Grain-size (particle size) analysis is a method used to determine the particle size distribution in a
material such as ores. It is a crucial step in several scientific and industrial fields, particularly in
mineral processing.

The Grain-size study was performed using a series of standard sieves following NE-NF 933-2
specifications. A total of 3070 g of iron ore was processed, from which 3063.05 g remained post-
sieving, indicating minimal loss and reliable handling. The results of the grain-size analysis are
reported in table I11.1.

Table I11.1: Grain-size analysis of EI-Ouneza iron ore

Fraction, mm Wight, | Cumulative | Retained | Passing
(9) weight (%) (%) through
sieve
(%)
> 1 31.6 1.03 1.03 98.97
-1+0,5 168.7 5.49 6.52 93.48
-0.5+0.250 255.2 8.33 14.85 85.15
-0.250 + 0.125 1237.2 40.39 55.24 44.76
-0.125+0.063 1162.2 37.94 93.18 6.82
-0.063 208.15 6.80 99.98 0.02
Total 3063.05 99.98 -- --
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Figure IIL.1: Grain-size curve of the iron ore from EI-Ouneza mine

According to the grain-size distribution curve, it can be seen that all particles measuring +1 mm
passed through the sieve, indicating that the El-Ouneza iron ore contains very few coarse
particles.

Regarding the fineness of the ore, the cumulative past curve drops and changes direction from
+0.250 mm, indicating that the iron ore is composed mainly of fine particles <0.250 mm.

From the cumulative past curve, the D10, D50, and D80 can be determined, including:

- D10: dimensions in which 10% of the ore passes, indicating the fine fraction (D10 =
0.08 mm);

- D50: dimensions in which 50% of the ore passes, indicating the medium fraction (D50
=0.25 mm);

- D80: dimensions in which 80% of the ore passes, indicating the coarse fraction (D =
0.35 mm).
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111.2.2 Gain-size chemical Analysis:

Grain-size chemical analysis is a method that combines conventional grain-size analysis with
chemical analysis of different fractions to determine the distribution of chemical elements and/or
minerals based on grain-size. It also identifies the fractions richest or poorest in useful minerals,
thus optimizing recovery processes by selecting the most suitable fractions.

Table 111.1: Results of Gain-size chemical analysis of low-grade iron ore from EI-Ouenza mine

(%)
Fraction, mm | Wight, g | SiO; | Al,O3| Fe,O3 |CaO| MgO |SO3| K,O |[MnO | LOI
>1 316 [17,30| 1,40 | 41,09 |16,75| 1,63 |0,07]0,05 | 1,13 [19,49
-1+0,5 168,7 |16,47| 158 | 43,82 (17,04 1,75 [0,08/0,08 | 1,22 [19,82

-0.5 + 0.250 2552 16,63 | 2,01 | 40,89 [18,34] 2,17 |0,20/ 0,09 | 1,30 [20,21
-0.250 +0.125 | 1237,2 [2113| 2,74 | 41,56 [14,67| 1,79 |0,22]0,15 | 1,29 [17,57
-0.125+0.063 | 11622 |24,91] 3/11 | 43,28 [11,69| 1,69 0,20|0,18 | 1,26 [15,39
-0.063 208,15 [26,89| 4,15 | 42,18 |11,34| 1,58 |0,20|0,21 | 1,24 |13,93
Average - 21,69 2,83 | 42,47 |15,29| 1,70 |0,16/0,15] 1,35 |17,40

The results of gain-size chemical analysis of low-grade iron ore from EIl-Ouenza mine are
represented in table I11.1. According to the results its can be conclude that the Fe,O; is the
dominant oxide in all fractions of the iron ore samples (with an average of 42, 47% of Fe,03). The
presence of CaO with a relatively high content (15, 29%) is beneficial, because the CaO is used as
a fluxing agent in the blast furnace (S. BENSAADA, 2010).

The presence of LOI with high proportion indicates the existing of:

- Hydrated minerals such as clays, goethite and gibbsite, etc.
- Carbonates such as calcite (CaCO3) and dolomite
- Organic matter.

111.2.3 Mineralogical analysis (XRD)

The mineralogical analysis was conducted on the selected sample iron ore and on the magnetic
products issued from the high intensity magnetic separation using X-ray diffraction (XRD)
method at. The XRD patterns were identified with the HighScore-Plus software. The obtained
results of XRD are represented in figure 111.2 and 111.4.
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Figure 111.2: The XRD pattern of the EI-Ouneza iron ore

The XRD analysis confirmed the dominance of hematite in d’El-Ouneza iron ore, with the
presence of quartz, sinnerite (with formula: Cu6As4S9), birnnesite calcite quartz and goethite
(FeO(OH)). These findings are consistent with the SEM results, reinforcing the presence of iron-
rich and silicate/carbonate-bearing phases. The identification of quartz and calcite supports the
observation of high SiO, and CaO contents respectively.

Birnessite (with wake peak): This mineral (nominally MnO,-nH,0), also known as 8-MnQ,, is a
hydrous manganese dioxide mineral with a chemical formula of Nag;Cay3Mn;0;4-2.8H,0
(Jones, L. H. P; et al., 1956). These mineralogical analyses are in agreement with the chemical
analyses.

111.2.4 SEM-EDS Microanalysis:

SEM imaging and associated EDS microanalysis provided detailed insight into the ore’s
microstructure and chemical distribution. The analyzed zone was representative of the whole
sample, analyzed at 25 kV acceleration and 1202x magnification.

The results of the scanning electron microscope (SEM) analysis of the low-grade iron ore sample
are illustrated in Figure 111.2 and Table I11.3 Different phases are distinguished based on their
density differences, such that high-density phases appear brighter. Some minerals appear dark,
while others are white or gray in color. The mineral crystals vary in size, shape, and orientation
angles. Based on the mineralogical composition of the sample and the corresponding densities, it
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can be said that the iron-bearing minerals (hematite and goethite) are observed in the SEM
images with greater brightness. The presence of quartz, appearing dark gray to black, is also
noted as a dominant compound associated with iron oxides, as well as calcite, which appears also

in gray color.

3,96k
3,52k
3,08k

2,64k

2,20k
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000g 5 17 34 51

68 85
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Figure 111. 3: SEM-EDS analysis of EI-Ouenza iron ore.

Tablelll.3: Elemental analysis of iron ore according to EDS pattern

Element | Wt. (%) Intensity
C 12.95 95.03
o) 59.45 1349.75
Al 2.13 103.51
Si 3.09 233.41
Ca 1.37 252.74
Mn 0.69 110.55
Fe 20.32 2783.53

According to the EDS pattern of the low iron ore sample taken from the EI-Ouenza mine, a main
peak is observed, mainly composed of iron oxides (hematite and/or goethite), unlike the other
elements in the sample, which show weaker peaks, such as Ca and Si, which could indicate the
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presence of calcite and quartz respectively. These finding results are in good agreement with the
chemical analysis of iron ore cited previously.

111.2.5 Technological indices results
The result of technological indices are represented in table II1.5

Table IIL.5: Technological indices of magnetic separation tests

Test N° Material balance (g) Qr - Q¢+ Q;(30g) Yields (%)
Q. Q Ye Tt
1 24,75 5,25 82,50 17,50
2 23.70 6,30 76,70 23,30
3 24.81 5,19 82,73 17,27
4 24.65 5,35 82,17 17,83
5 25.32 4,68 84,40 15,60
6 24.87 5,13 82,90 17,10
7 24.84 5,16 82,83 17,17
8 23.79 6,21 79,30 20,70
9 26.28 3,72 87,62 12,38
10 27.14 2,86 90,47 9,53
11 23,95 6,05 79,83 20,17
12 25,26 4,74 84,20 15,80
13 24,22 5,78 80,73 19,27
14 23,38 6,62 77,93 22,07
15 23,03 6,97 76,75 23,25

111.3 Results of the statically approach
111.3.1 Experimental design for the magnetic separation tests

The results from factorial designed experiments are given in Table II1.3. The second order
response function (Equation 2) representing grade and yield (using equation 6) of magnetic
product (concentrate) could be expressed as functions of grain-size iron ore, dimension of ball
matrix and field intensity. The regressions equations for the grade and yield are given in equation
(8) and (9) respectively.

- For the grade :
Fe,O3 Grade (%) = 41,50+ 1,831 DB (mm) + 5,15 GS (mm) + 7,421 (T)

- 0,936 DB (mm)*GS (mm) - 0,625 DB (mm)*I (T)
+ 2,100 GS (mm)*I1 (T) 8)
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- For the Yield :

Fe,O3Yield (%) = 86,54 -0,539 DB (mm) - 1,35 GS (mm) - 14,72 1 (T)
- 0,788 DB (mm)*GS (mm) + 1,577 DB (mm)*1 (T)
+6,79 GS (mm)*I (T) 9)

Table 111.4: Results of factorial designed of experiments (DOE)

Test Coded variables Results (Responses)
N. DB GS I Grade Yield
(mm) | (mm) (T) (%) (%)
1 10 0,53 1,25 61,23 82,50
2 10 1,00 0,50 57,36 76,70
3 10 0,53 1,25 60,12 82,73
4 8 1,00 1,25 59,15 82,17
5 12 0,063 1,25 62,78 84,40
6 12 1,00 1,25 59,85 82,90
7 10 0,063 0,50 60,64 82,83
8 10 0,53 1,25 60,34 79,30
9 10 1,00 2,00 62,52 87,62
10 12 0,53 2,00 61,87 90,47
11 8 0,53 2,00 61,78 79,83
12 10 0,063 2,00 62,85 84,20
13 8 0,063 1,25 58,57 80,73
14 12 0,53 0,50 60,58 77,93
15 8 0,53 0,50 56,74 76,75

According to table I11.4; its can be seen that the value of Fe,O; grade is higher (62, 85%) in
the test number: 12 (with DB=10mm, GS=0.063mm and 1=2T). The high value of Fe,O;
yield (90.47%) is also was attained in the test number 10. The magnetic product of the test
number 12 was also analyzed with XRD (figure I11.4).
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Figure I11.4: XRD pattern of the magnetic product (Test 12)

The dominant mineral in this XRD pattern is hematite with minor proportion of goethite and
sinnerite. This XRD confirm that the high intensity magnetic separation is an efficiency process
to improve the grade of hematite from EI-Ouneza iron ore.

111.3.2 ANOVA and Pareto Diagram

ANOVA is an abbreviation for analysis of variance. Developed by British statistician Sir Ronald
Aylmer Fisher in the early 20th century, ANOVA combines statistical models, including the F-
test (Fisher's test), and P-value. The ANOVA method is used to study the relationship between
a quantitative variable and one or two qualitative variables (Anais Annereau, 2023).

The ANOVA table is the final result of a series of complex calculation formulas. It presents three
types of usable numerical data:

- The degrees of freedom or DF.
- The result, denoted by F.
- The significance, denoted by p.

The p-value is obtained using the DF and F data and is the variance ratio that confirms or refutes
the hypothesis being tested. If the p-value is less than 0=0.05 (significance threshold which is the
same in our case), that is to say that the qualitative variables (variable factors) have a significant
effect on the quantitative variable (responses), (Anais Annereau, 2023).

Typically, a Pareto chart shows the absolute values of the normalized (standardized) effects,
ranked from highest to lowest. The chart also plots a reference line to indicate which effects are
statistically significant. The reference line indicating statistical significance depends on the
significance level (denoted by o or alpha) (Minitab-19). One-way ANOVA was applied to
estimate the significance of the model (p < 0.05) (Nayak and Pal 2011, Ahmad et al. 2019b, Patel
etal. 2017).
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- For the grade :
The ANOVA results Fe,O3 grade is illustrated in Table II1.5.
Table IIL.5: Table of grade ANOVA

Source DF F-Value P-Value Effect
Model 6 24,87 0,000 Very significant
Linear 3 40,21 0,000 All significant
DB (mm) 1 25,80 0,001 Highly significant
GS (mm) 1 14,26 0,005 Significant
I1(T) 1 80,58 0,000 Extremely significant
2-Way Interaction 3 9,39 0,005 Significant
DB (mm)*GS (mm) 1 9,89 0,014 Significant
DB (mm)*I (T) 1 11,30 0,010 Significant
GS (mm)*I (T) 1 7,00 0,029 Significant

According to the Table IIL.5; it can conclude that all main factors and interactions are statistically
significant (p < 0.05), presenting that they have an effect on the variation of Fe,Os grade.

Pareto Chart of the Standardized Effects
(response is Grade Fe203 (%); a = 0,05)

Term 2,396
- Fact Name
A DB (mm)
c B GS (mm)
C 1M
A
B
AC
AB
BC
0 1 2 3 4 5 6 7 8 9

Standardized Effect

Figure 111.5: Pareto diagram of Fe,O3 grade

According to Figure I11.5, all effects exceed this threshold of the red vertical line (significance
threshold 0=0.05 which equals 2.306, this indicates that all effects are significant.

The results of ANOVA and Pareto diagram confirm that all factors (DB, GS, 1), as well as their
interactions, exert a statistically significant effect on the Fe,O3 grade. From this diagram; it can
be seen also that the most important effect is magnetic field intensity (I), followed by ball matrix
dimension (DB) and finally the grain-size (GS). All interactions (DB*1, DB*GS, and GS*I are
also significant.
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- For the yield :
The ANOVA of Fe,03 yield is shown in yield Table IIL.6.
Table II1.6: Table of yield ANOVA

Source DF F-Value P-Value Effect
Model 6 10,15 0.002 Very Significant
Linear 3 15,93 0,001 Significant
DB (mm) 1 10,15 0,013 Significant
GS (mm) 1 0,32 0,585 No Significant
1(T) 1 37,33 0,000 Extremely Significant
2-Way Interaction 3 5,38 0,025 Significant
DB (mm)*GS (mm) 1 0,74 0,414 No Significant
DB (mm)*I (T) 1 7,63 0,025 Significant
GS (mm)*I (T) 1 7,77 0,024 Significant

According to Table 1I1.6; it can be concluded that all main factors and interactions are
statistically significant (p < 0.05), presenting that they have an effect on the variation of Fe,;0O3
yield. The overall model is generally significant (p = 0.002), this is explained by the variations in
yields. The high value (F= 37.33) for intensity (1) indicates that there is a dominant influence on
the yield of Fe,0s.

Pareto Chart of the Standardized Effects
(response is yield of Fe203; a = 0,05)

Term 2308
Factor Name
c A DE (mm)
B G5 {mm)
[ T

BC
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g

0 1 z 3 4 5 [
Standardized Effect

Figure 111.6: Pareto diagram of Fe,O3 yield

The Pereto diagram (Figure 111.6) presents the standardized effects of the factors and their
interactions. It shows that the intensity (I) has a very strong effect on the yield of Fe,03 followed
by DB and we notice that GS has a weak effect. For the interactions between the factors; we
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notice that there is a significant interaction between GS*I and DB*I, while for DB*GS, we
notice a weak significance.

111.3.3 Observed and predicted responses of Fe;O; in magnetic products (concentrates)

The observed and the predicted results obtained using the equation 8 and 9 are listed in
Table I11.7.

Table 111.7: Observed and predicted values of grade, recovery and yield.

Grade (%) Yield (%)
TestN. | Observed | Predicted | Observed | Predicted
1 61,23 60,43 82,50 80,06
2 57,36 57,24 76,70 75,84
3 60,12 60,43 82,73 80,06
4 59,15 59,46 82,17 80,43
5 62,78 63,15 84.40 85,18
6 59,85 59,92 82,90 83,00
7 60,64 60,20 82,83 81,31
8 60,34 60,43 79,30 80,06
9 62,52 62,14 87,62 87,60
10 61,87 62,31 90,47 89,95
11 61,78 61,97 79,83 81,16
12 62,85 62,15 84,20 83,52
13 58,57 59,19 80,73 79,65
14 60,58 60,77 77,93 78,25
15 56,74 56,68 76,75 78,91

o For the grade:

The linear regression graph scatter plot (figure II1.5) presents the relationship between the
observed and predicted values of Fe,O3 grades in magnetic products.

The regression line shows the ideal prediction, where the observed values match the predicted
values perfectly with a coefficient of determination R is 94, 9%. This value indicate that the
model used to predict the grade of Fe,O; grades in magnetic products is correct, signifying that
the model explains most of the variability in the observed data. This also means that a 1%
increase in observed Fe,O; results in a 0.95% increase in predicted grade. The value of the
standard deviation of the residuals is low (S=0.424), this confirms the precision.

57



64

63 *
s 0,424826 °

£ 6 R-5q 94,9% . e o
m
S
3 61
(¥
e
]
1]
2 6o
(o]
s
o
T 59
2
5
el
g 58

57

56

56 57 58 59 60 61 62 63

Observed Grade of Fe203 (%)

Figure IIL5: Relation between observed and predicted values of Fe,O; grade

90,0 ®
87,5 s 136855 °

R-Sq  87.1%
85,0

82,5

80,0

Predicted yield of Fe203 (%)

T7.5

75,0
75,0 77,5 80,0 82,5 85,0 87,5 90,0

Observed yield of Fe203 (%)

Figure I11.6: Relation between observed and predicted values of Fe,O; yield
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o For the yield:

In Figure II1.6, its can be seen that the coefficient of determination R? = 87.1%; this means that
87.1% of the variance in the predicted yield is explained by the observed yield. This is a very
good fit (often, R* >80% is considered excellent in experimental systems).

Regarding the standard error of estimation or the standard deviation of the residuals (S) is
approximately 1.37. This shows that the average dispersion of the points around the regression
line is approximately +1.37%, which indicates good predictive accuracy. (A lower value of S
indicates a more accurate and reliable model. (A lower value of S indicates a more accurate
model).

These results indicate that the regression model can be used reliably to estimate Fe,O; yields
from experimental values in the optimization domain of recovery processes.

The observed and %’Jredicted data point’s relation (Figure III.5 and III.6) demonstrating a very
good agreement (R” 0f 94.9 and 87, 1) for grade and yield respectively of the response equations.
The high value of R? indicates that the quadratic equation is capable of representing the system
under the given experimental domain. (Sunita Routray, R. Bhima Rao, 2013).

I11.3.4 Effect of process variables on grade of the concentrate (Magnetic Product)

The three-dimensional (3D) response surface plots are very useful in learning about the main
effects and interaction effects of the independent variables (factors) and the two-dimensional
contour plots give a visual representation of values of the response (Nayak et al. 2014).

In this study, the 3D response surface plot represents the effect of different variables (DB, GS,
and 1) of HIMS on the Fe,O3 grade of the magnetic product and they are represented in Figure
11.7.

Surface Plot of Grade Fe203 (%) vs DB (mm), GS (mm) Surface Plot of Grade Fe203 (%) vs | (T)' GS (mm) Surface Plot of Grade Fe203 (%) vs | (T), DB (mm)

@ Ry (b (©

Grade Fe203 (%) = ©

Grade Fe203 (%) g0 Grade Fe203 (%)
12
60,0

DB (mm)
0,500 8 0063

300
GS (mm) L0 ! 0600 05
65 (mm) 099 000

Figure 111.7: 3D plots showing the effect of parameters on the Fe,O; grade: a) GS and DB, b)
GSandl,c)DBand I
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Figure IIL.7 (a) represents the effect (influence) of GS and DB on the grade on Fe,0s. It can be
seen that an increase of DB from 8 to 12 mm gives a significant increasing in Fe,O; grade (from
~60% to ~63.6%). A decreasing in particle size (GS from 1.0 to 0.063 mm) leads to a moderate
increasing in grade (1.5-2%), this may be due to an increased liberation of hematite particles (A.
M. Gaudin, 1939) in addition to an increased specific surface area promoting physical and/or
chemical separation (Fuerstenau, 2003).

At constant GS, the larger balls, the higher the Fe,O; content (quality of the concentrate
increases). Conversely; when the GS increases; the Fe,O3 content decreases slightly. This means
that the small particles and large balls of matrix promote better separation of hematite.

In Figure II1.7 (b); the 3D surface plot shows how the grade of Fe,O; can be varies with the

changes in GS and I. The 3D graph present peaks and troughs, this means that the proportion of
Fe,O; strongly depends on GS and DB. The Fe,O; grade increases with increasing I (magnetic
field), while an increase in GS decreases the Fe,Os; content. This means that finer grains are
better separated in a high magnetic field. The best grade can be obtained for GS between 0.063
and 1.0 mm, however, beyond 1mm, the Fe,O; grade could be significantly decreased (to be
confirmed).

According to Figure II1.7 (c) it can be noted from the nature of the plot that the higher level of
the intensity (1) is in good condition to obtain a higher grade of Fe,O;. (Expected phenomenon in
magnetic separation, where more intense fields attract paramagnetic particles better). A high (I)
and (DB) improve the Fe,O; grade in magnetic product. Both variables have a positive and
simultancous effect.

I11.3.5 Effect of process variables on yield of concentrate

For the understanding of the results, the predicted model was described in 3D response surface
plots (figure 111.8), which show the effect of HIMS process variables on the Fe,O5 yield.

Surface Plot of yield of Fe203 vs DB (mm); GS (mm) Surface Plot of yield of Fe203 vs | (T); GS (mm) Surface Plot of yield of Fe203 vs | (T); DB (mm)
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Figure 111.8: 3D plots showing the effect of parameters on the Fe,O; yield: a) GS and DB, b) GS
and I, c)DBand |
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In Figure I11.8 (a), the 3D plot present the effect of parameters (GS and DB) on the Fe,O; yield,
the plot shows that as the dimensions of matrix balls (DB) increases, the efficiency increases.
While an increase in grain-size (GS) causes the efficiency to decrease slightly. A finer GS
promotes passage between the matrix balls and better magnetic separation.

Figure II1.8 (b) presents the effects of (I) and (GS) on the yield of Fe,0g, it is clear that as the
yield increases with the magnetic field intensity (I). However; a weaker (GS) also improves the
yield. This means that a strong magnetic field (I) attracts fine particles better. For good yield, an
arrangement of a strong (I) and fine (GS) is desirable.

The effect of (I) and (DB) on recovery yield of magnetic product is shown in Figure IIL.8 (c).
With increase in the intensity of magnetic field (I) and dimension of balls matrix, there is an
increasing of the yield of product.

I11.3.6 Main effects of parameters on Fe;O3

The Main effects analyses shown in Figure IIL.9 illustrate the individual influence of each
experimental parameter on Fe,O; grade and yield, independent of interactions.

Main Effects Plot for Grade Fe203 (%) Main Effects Plot for yield of Fe203
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Figure I11.9: Main effect plots on the Grade and yield of Fe,O3 in the magnetic products

The (DB) exhibits a significant and positive effect on responses (both grade and yield). The
increasing in (DB) leads to an improvement in Fe,O; simultaneously of grade and yield.

Concerning grain-size (GS), an opposite tendency was observed; increasing GS results in a slight
decrease in grade and a very moderate effect on yield.
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Magnetic field intensity (I) is the factor with the important significant effect. Its increase
improves significantly both Fe,O3 grade and yield. This tendency confirms the effectiveness of
the magnetic separation in valorizing iron.

I11.3.7 Optimization of magnetic separation variables on responses

In mineral processing, both grade and yield are the widely used parameters for evaluating the
performance of any valorization operation. The model equations were optimized for HIMS
factors using Minitab-19 software to maximize the grade of the product.

- For the grade

The Maximum Fe,O3 grade (63.18%) of product can be attained by optimizing the variables
factors at:

e Dimension of ball matrix (DB) = 12mm,
e Grain-Size (GS) = 0.063mm
e Intensity (N=2T

- For the yield

The Maximum Fe,O3 yield (91.25%) of product can be attained by optimizing the variables
factors at:

e Dimension of ball matrix (DB)=12mm,
e Grain-Size (GS) = 1mm
e Intensity (D=2T

- For the both grade and yield

The Maximum Fe,O3 grade and yield (63.18% and 91.25% respectively) of product can be
achieved by optimizing the variables factors at:

e Dimension of ball matrix (DB)=12mm,

e Grain-Size (GS) = 0.24mm
e Intensity (N=2T
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Conclusion

In this part, a characterization iron ore from the EI-Ouneza mine and an evaluation of the
performances of the high-intensity magnetic separation process were carried out.

The Gain-size analysis revealed a fine particle distribution, with 80% being less than 0.25mm,
representing good liberation of the useful mineral. Grain-size chemical analyses revealed a
predominance of F,0;, averaging 42.47%, with a high CaO content. The loss on ignition is
significant, indicating the presence of organic matter and carbonates, as well as hydrated
minerals.

According to SEM-EDS and XRD analyses, hematite is predominant in the ore, accompanied by
goethite, quartz, calcite, etc. The statistical study conducted using Minitab-19 software and Box-
Behnken design allowed us to study the influence of each parameter applied in the separation
(intensity, particle size, and matrix bead size) on the efficiency of iron ore beneficiation
operations.

The statistical results obtained showed a very good correlation between the observed
(experimental) and predicted values. The magnetic field intensity was found to be the important
and significant factor in all tests, followed by Dimension of balls matrix, while the grain-size had
a moderate influence.

Response surface Methodology (RSM) and Pareto curves presented the optimal conditions to
maximize both iron grade and yield. The maximum grade and yield (63.18% and 91.18%
respectively) were achieved at DB of 12mm, grain-size of 0.24mm and an intensity of 2T.
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General Conclusion

This thesis present the characterization and valorization of iron ore from the Chagoura site, El-
Ouenza mine, located in east of Algeria.

Through a series of chemical and mineralogical (XRF, DRX, SEM-EDS), it can be conclude that
the ore is mainly composed of hematite and goethite, with the presence of quartz and calcite as
gangue. Grain-size analysis revealed that the majority of the fractions constituting the iron ore
are fine dimensions, which indicate the liberation of the useful mineral (hematite) from its
gangue.

Grain-size chemical analyses revealed a predominance of F,Os; in all fractions, averaging
42.47%, with a high CaO content. The loss on ignition (LOI) is significant, indicating the
presence of organic matter and carbonates, as well as hydrated minerals.

The statistical approach conducted using Minitab-19 software and Box-Behnken design allowed
us to study the influence of each parameter applied in the magnetic separation (intensity, particle
size, and matrix bead size) on the efficiency of iron ore beneficiation operations.

The magnetic field intensity (I) was found to be the important and significant factor in all tests,
followed by dimension of balls matrix, while the grain-size had a moderate influence. The
obtained regression model has high reliability in predicting the F,Os3 content from the observed
values, and it can be used for analyses and/or simulations in the beneficiation of ElI-Ouneza iron
ore.

Response surface Methodology (RSM) and Pareto curves presented the optimal conditions to
maximize both iron grade and yield. The maximum grade and yield (63.18% and 91.18%
respectively) were achieved at DB of 12mm, grain-size of 0.24mm and an intensity of 2T.

Overall; this study determines the effectiveness of the HIMS method for upgrading iron ore form

El-Ouneza mine and confirm that an optimization of process parameters can improve
significantly the quality of concentrate using HIMS.
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