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Goethite (a-FeOOH) is one of the most common iron oxyhydroxides found in lateritic
iron ores, bauxite residues, and sludges from hydrometallurgical processes. It presents
significant challenges due to its high structural water content, fine particle size, and
low thermal stability, which affect mineral processing, filtration, and metallurgical
operations. Converting goethite into hematite (a-Fe:Os) or other dehydrated iron
oxides is crucial for enhancing material handling, improving process efficiency, and
facilitating the production of high-value products, such as iron ore pellets and
pigments. This review provides a comprehensive analysis of the mechanisms,
thermodynamics, and kinetics that govern the dehydration of goethite through thermal,
hydrometallurgical, and hybrid methods. It highlights recent advances (2020—2025) in
process technologies, such as low-carbon heating techniques, controlled precipitation,
and integrated circular economy strategies for residue valorization. Characterization
methods, such as X-ray diffraction (XRD), Mdssbauer spectroscopy, and
thermogravimetric analysis (TGA), are examined for their roles in monitoring phase
transformations. The review also critically assesses industrial applications, process
optimization strategies, and future perspectives, emphasizing the importance of
goethite transformation for sustainable iron production and waste management.

Keywords: Goethite, Hematite, Dehydroxylation, Iron ore, Thermal transformation,
Waste valorization.
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1. Introduction

1.1. Natural occurrence of goethite and its

importance in industry

structural (bound) water. It exhibits various shapes—from
needle-like and fibrous to more massive aggregates—and
often shows significant substitution by elements like Al and
Si, which influence its thermal stability and transformation

Goethite (a-FeOOH) is a prevalent iron oxyhydroxide
that forms in oxidizing, humid environments. It appears in
lateritic profiles, soils, and industrial waste like red mud from
the Bayer process, nickel laterite tailings, and limonitic ores
[1,2]. It can develop through the precipitation of ferric iron in
aqueous systems or by transforming poorly crystalline
precursors such as ferrihydrite at ambient or moderate
temperatures and neutral to slightly acidic pH [3]. The
mineral usually has small particles and contains high levels of

characteristics [4,5].

In high-goethite iron ores, also known as goethitic or
goethite-rich ores, goethite often constitutes the main iron-
bearing phase. These ores are typically found in lateritic
limonite deposits, weathered crusts, and red mud waste. Their
beneficiation presents particular challenges: the high water
content increases moisture and energy demand for drying;
fine particles and intergrowths with gangue complicate
separation; impurities and substitutions alter dehydration and
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dehydroxylation temperatures; and the hydroxyl-rich
structure causes instability under heat, resulting in volume
changes, microcracks, and reduced mechanical strength [5,6].

1.2. Issues associated with elevated goethite
levels in iron ores

Minerals containing high levels of goethite pose several
technical challenges..

e High moisture or combined water content demands
significant energy for drying, resulting in increased
transportation and handling costs [11].

e Thermal instability: Goethite begins to lose hydroxyl
groups (dehydroxylation) at relatively low temperatures,
typically around 250-400 °C, depending on factors such
as substitutions and particle size. This process causes
structural ~ changes, increases  porosity, forms
microcracks, and weakens processes like sintering,
pelletizing, filtration, and handling [12, 13].

e Filtration, separation, and handling issues: Small particle
size and water retention reduce efficiency. Additionally,
fluidization of filtration and solid-liquid separation,
along with magnetic or gravity separation, is limited
because goethite is only weakly magnetic and often
closely linked with gangue. Impurities such as Al, Si, and
P also affect its behavior [2, 7].

e Downstream process inefficiencies include increased
energy use during drying and phase changes, potential
weak strength or permeability in pellets or sinters, and
possible impacts on pigment and color properties.
Additionally, waste and residue utilization often face
challenges with low iron content and large quantities of
tailings [14, 16].

For example, a recent study on the magnetization
roasting of red mud/limonite-type residues identified
dehydration and the conversion of goethite into hematite as
essential steps before transforming into magnetite through
magnetic separation. The activation energies of these
processes are affected by impurity levels and the atmosphere
[8]. Another recent investigation into low-grade iron ore fines
found that optimal conversion of goethite to hematite (or
other magnetic phases) depends on carefully controlling
roasting temperature—typically around 650-700 °C—and the
atmosphere. This careful control maximizes recovery and
prevents over-reduction [9].

1.3. Significance of transforming goethite into
hematite and dehydrated oxides

Converting goethite into hematite or other dehydrated
oxides provides various industrial benefits.

e Hematite (0-Fe:0s) offers greater thermal stability,
remaining structurally and thermally stable at higher
temperatures; after dehydroxylation, it becomes less
prone to structural collapse.

e Enhanced filtering, density, and mechanical properties:
Removing structural water and hydroxyl groups reduces

volume, increases density, and boosts strength; lower
porosity improves filtration and handling; and the
material exhibits more consistent behavior during
pelletizing, sintering, or direct reduction.

e Improved performance in metallurgical and chemical
uses includes hematite's superior results in pigment
production (color stability, purity), ironmaking processes
(blast furnace, direct reduction, hydrogen routes), and
residue valorization (red mud, limonite). It achieves this
by boosting iron content, reducing waste, and promoting
circular economy practices.

1.4. Objectives of this review

Given the renewed interest from 2020 to 2025 in
sustainable iron production, residue valorization, low-carbon
technologies, and processing lower-grade or goethitic ores,
this review aims to:

1. Critically examine the processes that convert goethite
into hematite or other dehydrated iron oxides. Include
dehydroxylation, structural transformations, phase
nucleation, formation of intermediates, kinetics, and the
role of substitutions.

2. Compare and analyze the technological pathways—
thermal, hydrometallurgical, and hybrid—that have been
developed or demonstrated from 2020 to 2025, focusing
on energy usage, environmental effects, and scalability.

3. Evaluate the techniques employed in these studies—such
as XRD, Mdossbauer spectroscopy, TG/DTA, and
microscopy—and determine how they assist in
monitoring and controlling the process.

4. ldentify gaps, challenges, and future directions in the
beneficiation of goethitic ores, especially those with high
structural water, fine particles, impurity content, and
where low-carbon or circular economy constraints are
significant.

2. Methodology for
Literature Review

Conducting

This review adheres to a well-defined protocol based on
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines [10].

e Search strategy:

Searches were performed in Scopus, Web of Science,
and Google Scholar using keywords like goethite,
hematite,  dehydroxylation, iron  oxyhydroxide
transformation, goethite-rich ore beneficiation, Al-
goethite thermal conversion, and laterite goethite
transformation. A date filter was applied for studies
published from 2020 to 2025, inclusive.

e Inclusion Criteria:

a. Studies were published between 2020 and 2025.

b. Peer-reviewed journal articles, dissertations, or theses
with full text available.
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c. Reporting original experimental or technological data on
the transformation of goethite into hematite or other
dehydrated oxides, as well as beneficiation of goethitic
ores involving phase changes.

d. Provide a valid DOI or a working URL.

e Exclusion Criteria:

a. Studies are reviewed prior to 2020 unless they are
foundational for context. .

b. Reviews should incorporate new experimental data
unless they already offer essential quantitative
comparisons.

c. Include only studies published in English unless they are
translated and fully available.

d. Studies that involve goethite but do not characterize
transformation details such as phase changes, Kinetics,
or structural and morphological data.

e PRISMA flow process:

The PRISMA flow diagram (Figure 1) illustrates the
study selection process for this review. Initially, 612
studies were identified via database searches. After
screening titles and abstracts, 198 studies were removed
due to duplication or irrelevance, leaving 414 studies for
full-text evaluation. Upon assessing eligibility, 331
studies were excluded for not meeting specific inclusion
criteria, resulting in 83 studies included in the systematic
review. This approach promotes transparency,
reproducibility, and adherence to PRISMA 2020
guidelines [1, 9].

Identification

1
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(titles and abstrac ts)

L
(

~
L Eligibility
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L Inclusion

Figure 1. PRISMA flow process
3. Theoretical Background

3.1. Crystal structure of goethite and its
comparison with hematite

Goethite (0-FeOOH) has an orthorhombic structure
(space group Pnma, no. 62) composed of slightly distorted
FeOs octahedra that share edges, forming double chains
aligned parallel to the c-axis (see Figure 2). These chains are
connected by corner sharing, creating one-dimensional
tunnels within the framework. Hydroxyl groups occupy
specific octahedral sites and form a strong, directional
hydrogen-bond network that links neighboring chains and
lines of these tunnels. Molecular H.O mainly associates with
surfaces, defects, or nanoporosity, rather than the bulk lattice

itself [17-19]. This topology introduces noticeable
anisotropy, such as acicular growth along the [001] direction
and affects the vibrational signatures of the OH sublattice
observed in Raman/IR spectroscopy [17]. Isomorphic
substitutions, mainly with Al and to a lesser extent with Ga,
can modify lattice parameters, particle aspect ratio, and
surface site distribution without altering the core Pnma
structure. Recent DFT and experimental research indicate that
these substitutions cause only minor structural changes in
goethite compared to ferrihydrite [19, 23].

o-FeOOH

Orthorhombic Pnma

2}
Fe O, octahedron

s/ _a

OH

<\----0

\
a 1x2 tunnels

7
1x2 tunnels€

a=4,6A A b=100Ac=30A
Figure 2. Crystal structure of goethite

Hematite (a-Fe.Os) has a corundum-type trigonal
(rhombohedral) lattice (space group R-3c, no. 167), featuring
a close-packed oxygen sublattice with Fe*" ions in octahedral
sites arranged in hexagonally stacked layers (see Figure 3). It
is fully dehydroxylated, lacking structural OH groups and
hydrogen-bonded channels [21]. When goethite is heated in a
topotactic or reconstructive manner, dehydroxylation and
lattice reorganizations create hematite or vacancy-rich
“hydrohematite/protohematite” intermediates, where residual
protons and cation vacancies may remain depending on
thermal history, particle size, and chemistry [20-22].

These crystallographic differences (Figure 3)—
orthorhombic OH-bearing tunnels in goethite compared to
dense, OH-free corundum layers in hematite—cause
significant variations in thermal stability, density, filtrability,
and the propensity of goethite-rich feeds crack, micro-porate,
and weaken when heated. These factors directly impact
sintering, pelletizing, and pigment performance (discussed in
later sections) [20-22].

Hematite
Corundum-type
Hexagonal axes

Layered
FeOg octahedra

a=5,04A

) Close packed
C O layers
c=13,754 A =

Figure 3. Crystal structure of hematite.
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Table 1 summarizes the main crystallographic features of goethite and hematite, emphasizing the orthorhombic OH-bearing
structure of a-FeOOH in contrast to the OH-free corundum-type lattice of a-Fe.0s. It also discusses the implications for thermal

properties and processing.

Table 1.Crystal-chemistry summary (room temperature, representative values)

Parameter Goethite (a-FeOOH)

Hematite (a-Fe20s)

Crystal system / space
group

Orthorhombic, Pnma (often reported as Pbnm)

Trigonal (hexagonal setting), R-3c

a~4.61, b=9.96, ¢c=3.02 (Pnma); equivalent setting

Lattice constants (A)
relabeling)

Fe coordination &
connectivity

Representative Fe-O
distances (A)

OH / H-bonding

signatures . .
g positions and width

Thermal behavior

(dehydroxylation) 400 °C (composition/size dependent)

FeOs octahedra in double chains — 1x2 tunnels
lined by OH; H-bonded network along tunnels

~1.97-1.98 (EXAFS, average octahedral Fe-O)

Dehydroxylations to hematite typically from ~250—

frequently reported as a~9.91, b=3.01, c=4.58 (axis a=b~5.0356, c=13.7489

Distorted FeOs octahedra in layered corundum
framework; no structural OH in stoichiometric
hematite

~1.94 and ~2.11-2.12 (two distinct Fe—O within
distorted octahedra)

Structural OH; Raman/IR O-H stretching bands in  Nominally absent; vacancy-bearing hydrohematite
~3100-3600 cm™ region; H-bonding governs band shows additional OH-related bands and lattice

expansion

Stable to higher T; no dehydroxylation (but
hydrohematite can dehydroxylation/anneal toward
stoichiometric hematite)

Notes and sources.e Goethite lattice parameters and
orthorhombic setting (Pnma/Pbnm) and a-FeOOH tunnels:
Senamartet al. 2022 (RSC Adv.) and MDPI Materials 2022
(axis relabeling in Pnma model).

» Hematite space group and lattice constants; Fe—O distances
in distorted octahedra: Huang & Cheng 2024 (Sci Rep.).

* Average Fe-O in goethite from Fe K-edge EXAFS:
Senamart et al. 2022 (RSC Adv.).

* Goethite OH vibrational signatures and assignment:
Abrashevet al. 2020 (J Appl Phys.).

* Hydrohematite (vacancy-bearing o-Fe:Os with structural
water): Chen et al. 2021 (Geology).

* Goethite dehydroxylation temperature window (particle
size/substitution dependent): Zhou et al. 2022 (RSC Adv.).

Values are based on recent experimental and DFT
studies, with minor differences arising from temperature,
particle size, and isomorphic substitutions, particularly
involving Al/Ga. Goethite has an orthorhombic Pnma
structure, featuring FeOs octahedra that form 1 x 2 tunnels
lined with structural OH groups. Hematite is trigonal (R-3c),
similar to corundum, and is nearly anhydrous. Changes in OH
content, Fe-O distances, and packing structure affect
dehydroxylation temperatures, density, filtrability, and
mechanical properties, which are essential for pelletizing and
sintering [17-25].

3.2. Critical analysis — Why crystal structure
matters in processing
Goethite has an orthorhombic, tunneled structure with

structural OH groups that dehydroxylate at relatively low
temperatures, releasing steam, causing microcracks, and

creating temporary porosity. In contrast, hematite’s close-
packed corundum lattice (R-3c) is almost anhydrous and
densifies without volatile release. These distinctions influence
drying and preheating processes, heat-mass transfer, and
defect formation during agglomeration and thermal
upgrading. As a result, goethitic pellets require staged drying
and gentler preheating to avoid spalling and strength
reduction. In contrast, hematitic feeds can tolerate faster
heating rates and achieve higher induration strength within
similar thermal budgets [23-25, 28].

During sintering, the initial dehydroxylation of goethite
enhances green-bed permeability and facilitates the formation
of melting pathways. However, if heating is too intense or the
melt volume is insufficient, the microcrack network can
weaken the sinter's strength. Optimal blending or process
control strategies that temporarily maintain permeability and
prevent crack coalescence can consistently boost sinter yield.
Recent pilot studies and modeling research explicitly link bed
porosity changes, pressure drops, and coke consumption to
the kinetics of goethite converting into hematite.

For pelletizing, surface hydroxylation on goethite
promotes nucleation and binding. However, a high LOI raises
energy use and may weaken microstructures unless
preheating and hold times are optimized to fully
dehydroxylate before load-bearing densification occurs.
Micro-CT and in-melt studies reveal crack formation near the
a-FeOOH breakdown zone, with sustained reduced strength
unless thermal schedules are modified; hematite feeds display
fewer defects under comparable conditions [28,32].

The structural pathway remains crucial during
beneficiation by magnetization roasting or H: reduction.
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Goethite transforms through hydro/hematite/proto-hematite
intermediates  containing vacancy/OH defects, which
facilitate diffusion routes and enable magnetite formation or
H: reduction at lower temperatures compared to dense, well-
crystallized hematite of similar size—assuming cracking is
managed. Recent industry-relevant research on magnetization
roasting and H.-based reactors demonstrates lower initial
temperatures and quicker conversions when using goethitic or
limonitic feeds, improving Fe recovery at moderate
temperatures and shorter durations [26-27]. Insights from
time-resolved diffraction and vacancy-filling studies suggest
that OH- and vacancy-rich intermediates affect both the
reaction kinetics and the final mechanical strength;
controlling these intermediates now provides opportunities to
develop low-carbon processes such as H. SMR and ZESTY
[29-30, 26].

In pigment and specialty applications, the link between
structure and shape is crucial. Hematite created through
controlled precipitation and thermal conditions consistently

exhibits specific size, shape, and color properties that are hard
to replicate through dehydration, which often causes
uncontrolled cracks. By adjusting pH and precipitants and
preventing residual magnetite, it is possible to attain
predictable Lab* responses and reduced oil absorption. These
advantages are associated with corundum topology and the
lack of structural OH.

Table 2. Enumerated transformation steps (R1-R4) for
goethite—hematite—magnetite—iron  pathways,  including
representative reactions, common temperature ranges, and
gas/Oz control strategies. Values are approximate and depend
on particle size, isomorphic substitutions (e.g., Al), heating
rate, and gas humidity. Controlling H2O/Hz (or CO./CO) is
essential to select the direct FesOs—Fe route (R3, <~570 °C)
or the wistite-mediated route (R4, >~570 °C).
Dehydroxylation (R1) should be finished before high-load
densification to prevent microcrack-induced strength loss [12,
18, 26, 33, 35, 36, 40].

Table 2. Sequential Solid-State Transformations of Iron Oxides during Thermal Treatment

Transformation (R1-R4) T (°C) Gas /pO:
R1. Goethite — Hematite 2 FeOOH (s) — Fe:0s (s) + H20 (g) ~ 250400 Inert or oxidizing; remove H.O
R2. Hematite — Magnetite 3 Fe20s (s) + H2 — 2 FesOa (s) +
H20 (g) ~350-700 Reducing (Hz/H20 or CO/COz)
(or CO — CO»)
R3. M tit I direct) — FesOs (s) +4 H. —» 3 F +
agnefite = Iron (direct) 20:() —3Fe() >~500 Strongly reducing; low H.O/H-
4 H:0 (g)
R4. Magnetite — Wiistite — Iron — Fe;04+ H> — 3 FeO + > ~570 Very low pO2; H2/H.O or CO/CO: set FeO

H:0; FeO + H. — Fe + H.0

stability

Table 3 outlines the primary Fe-oxide transformation stages relevant to goethitic feeds. It details the gas
atmosphere/oxygen potential, kinetic and structural effects, and processing implications for each step, supported by references [12,

18, 26, 29, 33, 35, 36, 40].

Table 3. Phase transformation steps for goethite—hematite—magnetite—iron during processing conditions.

Step Gas atmosphere / oxygen Kinetic/structural notes Processing implications
potential

Goethite —
Hematite OH loss — vacancy generation; Stage drying & preheat; complete
(dehydroxylation Inert or oxidizing; water transient porosity & microcracks; dehydroxylation before high-load
) removal critical vacancy infilling during anneal densification to avoid strength loss
Hematite — Reducing (H2/H-O or Pore evolution governs rates; water Tune H>O/H: (or CO2/CO) and T; avoid
Magnetite CO/COz); pO2 and H:O/H.  vapor suppresses FesO« — Fe; excessive sintering; leverage faster

(reduction)

Strongly reducing; low
H:O/H: (or CO»/CO)

Magnetite —
Iron (direct)
Magnetite —

Wiistite — Iron ~ Very low pO-; H2/H.0 or
CO/CO: set FeO stability

(via FeO)

ratio control equilibrium

sintering at high T can slow kinetics
Direct path favored at <~570 °C;
higher T may form FeO first,
depending on gas

FeO is transient; sintering can be
significant at higher T

kinetics vs dense hematite

Control moisture in gas; ensure adequate
residence time; manage densification

At high T, expect FeO stage; adjust
temperature and gas to avoid kinetic
bottlenecks
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3.3. Thermodynamics and kinetics of goethite
dehydroxylation

Balanced reactions and mechanistic notes
The main dehydration and dehydroxylation process is:

e Rl (dehydroxylation): 2 FeOOH(s) — Fe:0s(s) +
H20(g). This process usually occurs topotactically,
involving transitions through proto- and hydrohematite
with  cation-vacancy ordering  before  forming
stoichiometric hematite. The exact pathway depends on
factors like particle size, crystallinity, and isomorphic
substitutions such as Al or Ga [12, 18, 20, 38].

Thermodynamics (covering AH, AG, and the
importance of water activity)

DSC/DTA consistently show endothermic
dehydroxylation events for o-FeEOOH. Recent high-
temperature DSC studies indicate one or two endothermic
peaks linked to R1, with individual enthalpies around 300—
470 J g (varying with sample and grain size) [44]. When
converted to per mole of FeOOH, these values approximate
26-41 kJ mol™ per FeOOH for a single event, noting that
some samples display split peaks due to overlapping defect-
annealing and OH-loss processes [44].

From a basic equilibrium standpoint for R1 (where the
solid activities are approximately 1), K is roughly equivalent
to p(H20), so In K equals —AG°(T)/RT, which is also In
p(H20). Consequently, higher water vapor pressures push the
equilibrium toward goethite, requiring higher temperatures
for complete dehydroxylation; conversely, lower p(H=0)
levels (such as under vacuum) lower the energy barrier and
shorten the time to achieve completion at a given temperature
[41,42]. In ultra-high vacuum conditions, dehydration starts
much earlier than under ambient conditions. At moderate
vacuum, the temperature range stays nearly the same, but the
residence time drops sharply— for example, from 24 hours to
about 1 hour at 300 °C [42].

Kinetics (Ea and key factors affecting rate)
Non-isothermal analyses like isoconversional/FWO and
Kissinger methods evaluate apparent activation energies,
which can vary significantly based on ore matrix,
crystallinity, and particle size. Recent inert-condition studies
on ore-specific samples show that the stage-dependent Ea for
goethite decomposition ranges from about 45 to 135 kJ mol™,
depending on whether the process is chemically controlled or
diffusion-limited [43]. Values outside this range occur when
pore-forming or annealing processes are combined with OH
loss, or when substitutional cations such as Al stabilize the
OH structure [4, 12, 20]. Water vapor in the sweep gas slows
the reaction by inhibiting products and reducing the chemical
potential gradient for H.O removal, while drier or vacuum
conditions accelerate devolatilization and increase porosity
[42]. Operando/in-situ XRD indicates that vacancy filling and
ordering toward stoichiometric hematite continue after the
main endothermic OH-loss, so isothermal holds above the

dehydroxylation peak are often required to complete defect
annealing [38].

Impacts of T—p—gas on processing windows

e  Temperature: R1 typically starts between 250 and 400
°C, depending on size, defects, and substitutions; some
smaller or strained populations and inclusions exhibit
onset below 300 °C with narrow conversion ranges
[12,45].

e Lowering p(H:20), like in high vacuum conditions,
significantly shortens the necessary hold times at a
specific temperature; in industrial settings, this results in
quicker pre-heating and drying or increased bed
permeability during pre-induration [42].

e Gas composition: Inert or mildly oxidizing gases
facilitate clean OH removal; however, any reducing
component may cause partial Fe** to Fe?" reduction at
higher temperatures, leading to magnetite or wistite
formation.  While this occurs outside the
dehydroxylation window, it is relevant for coupled DR
processes [26, 33, 35, 40].

e  Microstructure: R1 generates temporary porosity and
microcracks that can enhance downstream reducibility.
However, without proper annealing using a controlled
ramp, these features might weaken pellets or sinters.
Careful sequencing of drying, dehydroxylation, and
densification processes helps minimize strength loss
[12, 18, 31, 33].

4. Transformation mechanisms

4.1. Solid—solid mechanisms

When heated under controlled conditions, goethite (a-
FeOOH) directly dehydroxylates into hematite (a-Fe:0s)
through a process involving limited long-range material
transport (R1). Hematite nuclei tend to form at defect-rich
areas, such as those caused by the removal of OH vacancies.
These nuclei then grow and merge along preferred
orientations, often maintaining the original shape via a
topotactic or pseudomorphic process. The process of filling
and ordering vacancies continues during short anneals just
above the dehydroxylation temperature, which reinforces the
lattice structure and reduces temporary porosity (see 84.3)
[12, 18, 38].

Under low p(H:0) conditions, such as vacuum, the
resistance to water removal is reduced, which accelerates
dehydroxylation and results in a more porous, nanoparticle-
like hematite—advantageous when higher reducibility is
required [42]. Recent crystallographic research also shows
inherited texture along the goethite — hematite — ferrite
pathway, indicating that oriented precursors influence the
magnetic and crystal anisotropy of the final product; this
supports the idea that nucleation, growth, and coalescence
occur under topotactic control [51]. Ab-initio studies of
similar Fe oxyhydroxides suggest that short-range cation
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rearrangements can lower the energy barrier for solid-state
transformations, explaining why nanoscale, defective goethite
converts at lower temperatures compared to larger, well-
crystallized forms [52].

Figure 4 contrasts the energy landscape of the solid—
solid dehydroxylation pathway (R1) with that of a
dissolution—precipitation process. It highlights the nucleation
— growth — coalescence sequence described later and the
alternative pathway detailed in §4.2.

1.0F Solid-solid (R1: dehydroxylation)
Nucleation barrier Dissolution-precipitation

{topotactic)

o
=

Solvation/precipitation
barrier

—

e
o

S
'S

Relative Gibbs energy

<
L)

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Reaction coordinate

Figure 4. Energy profiles (solid—solid vs dissolution—
precipitation

Figure 5 presents Arrhenius plots (In k vs 1/T) for
goethite dehydroxylation (R1), showing how apparent
activation energies (approximately 60, 90, 120 kJ mol™)
relate to p(Hz20), particle size, and defects. Lower p(H20) or
vacuum conditions increase In k by reducing product
inhibition. Typically, coarser or more ordered grains exhibit
higher Ea. The schematic indicates common ranges; see
references [41-44] and prior studies [4, 12, 18].

Arrhenius families for goethite dehydroxylation (conceptual)
7.5}

Lower p(H;0) - higher In k

In k (arb.)

Low p(H20) / nanoscale (Ea=60 k)/mal)

Intermediate (Ea=90 kj/mol)

| — High p(H20) / coarse (Ea=120 kj/mol)

0.0013 0.0014 0.0015 0.0016 0.0017 0.0018
UT (K

Figure 5. Arrhenius families for R1 (In k vs 1/T)

4.2. Dissolution-precipitation process

In aqueous environments, especially at extreme pH
levels or when Fe(ll) is present, goethite-hematite
transformations mainly occur through the dissolution of the
original mineral followed by the reprecipitation of the new
phase. At very high pH levels (=13), ferrihydrite dissolves
quickly and reprecipitates as goethite, showing a strong
dependence on pH [10]. Fe(ll) accelerates this conversion by

facilitating electron transfer at goethite surfaces and guiding
nucleation, thus speeding up the transformation in mixed
mineral assemblages [46]. In systems like acid mine drainage,
schwertmannite and jarosite typically convert into goethite
and, upon heating, transform into hematite. The specific
pathway and rate vary depending on pH, temperature, and co-
precipitated oxyanions such as AsOs*, CrO+*", and MoO4*,
which also affect contaminant mobility [47—49]. Liquid-phase
TEM studies and kinetic modeling reveal that nanoscale
dissolution of goethite is anisotropic and that local redox and
acid—base conditions govern dissolution and reprecipitation,
shedding light on the heterogeneous textures seen in ores and
residues [50].

Figure 6 shows a conceptual pH-rate envelope for the
solution-mediated pathway. At very high pH levels (>13),
ferrihydrite dissolves and quickly reprecipitates as goethite
[10]; under acidic, AMD-like conditions, schwertmannite and
jarosite transform into goethite, with oxyanions like SO*,
AsO4*", and CrO4>" influencing both pathways and their rates
[47-49]. This schematic serves as a process guide—
quantitative Kinetics depend on temperature, Fe(ll) activity,
and ionic strength, as explained in §5.1 [46,53].
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Figure 6. Qualitative pH-rate map (dissolution—
precipitation):

4.3. Factors that influence the transformation

Particle size and crystallinity influence goethite
behavior: smaller, defect-rich grains dehydroxylate at lower
temperatures, creating temporary porosity; larger, well-
crystallized particles need longer or higher-temperature
treatments and tend to sinter (see 84.3) [18, 38, 42].
Impurities and substitutions like Al, Si, and P affect goethite
stability, shifting R1, and impact porosity and the
goethite/hematite distribution, which influences filtrability
and strength [12, 20]. Phosphate and other oxyanions can
slow dissolution and alter dissolution—precipitation pathways;
field data indicate that phosphate contact with soil strongly
affects  ferrihydrite/lepidocrocite.  Process — atmospheres
include air, Hz, CO, and Nz. In inert or oxidizing conditions,
R1 is driven by water removal; in reducing environments, the
Fe20s to FesOs or Fe transformation depends on pO. and
H:O/H: (or CO2/CO) ratios (see 84.2). Thus, staging drying
and dehydroxylation is essential to avoid microcracks before
densification [26, 33, 35, 36, 40]. Using vacuum reduces
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water content, shortens R1 hold times, and increases
microstructural openness [42].

Process atmosphere includes air, H2, CO, and Nz. In
inert and oxidizing conditions, R1 is driven by the removal of
Hz0; in reducing environments, the transformations of Fe.Os
to FesOa or Fe are controlled by pO: and the ratios of HO/H:
or CO/CO (see §4.2). As a result, drying and
dehydroxylation should be performed in stages to avoid
microcracking prior to densification [26, 33, 35, 36, 40].
Using a vacuum reduces a (H20) and shortens the hold times
for R1, while also increasing the openness of the
microstructure [42].

5. Technological routes

5.1. Thermal processes such as drying,
preheating, and calcination

Goethitic feeds, such as ores, bauxitic residues, and
laterites, are typically conditioned by staged drying at
temperatures of up to 150-200 °C to eliminate free moisture.
This is followed by controlled dehydroxylationat
temperatures ranging from 250 to 400 °C to transform
FeOOH into Fe:0Os, and finally, an annealing process at
approximately 400-700 °C to reduce transient porosity and
enhance the strength of the agglomerate. The main equipment
used includes rotary Kkilns, grate—kiln systems, and belt
furnaces, chosen for their capacity and ability to regulate
residence time. Conversely, fluidized beds offer superior heat
and mass transfer for fine feeds, enabling more precise
control of pOs..

Microwave heating is increasingly adopted for pre-
drying or pre-heating due to its volumetric and selective
heating abilities, which can reduce processing times and
energy consumption when the dielectric properties are
suitable. In all cases, managing gas composition and H-0O
partial pressure is crucial to prevent re-hydroxylation and

undesired reduction or sintering. Optional magnetization
roasting (350-650 °C in H:/CO) can be performed if
magnetite is required for beneficiation or DRI production.
The primary operational goals include removing bonded
water before high-load densification, preventing over-
sintering (which reduces the reactive surface area), and
controlling the atmosphere—utilizing inert or oxidizing gases
for R1, and reducing conditions for optional R2. [11, 23-25,
31-32, 40, 56, 60-62].

Industrial examples.

e Iron-ore sintering and pelletizing plants employ drying,
preheating, and roasting processes customized based on
ore LOI and goethite levels; maintaining bed permeability
and pore structure is crucial for efficient heat transfer and
mechanical robustness. [23-25, 31-32, 40].

e Bauxite residue (“red mud”) and high-iron laterite wastes
can be thermally processed; in combination with
reduction or hydrometallurgical steps, they vyield
hematite/magnetite concentrates and enhance
filtrability.[57].

e Bauxite residue (“red mud”) and high-iron laterite wastes
can be thermally treated; when followed by reduction or
hydrometallurgical steps, they yield hematite/magnetite
concentrates along with enhanced filtrability. [57].

Figure 7 illustrates the step-by-step process of thermal

conditioning for goethitic materials, highlighting how

temperature ranges align with process objectives and
equipment choices. Each stage depicts a progressive change
in the feed material: starting with moisture removal through
drying, then transitioning to controlled dehydroxylation to
convert goethite into hematite, and concluding with annealing
or calcination to stabilize the structure and enhance
mechanical strength. An optional magnetization roasting
stage is included when magnetite production is required for
further beneficiation or direct reduced iron (DRI) applications
[2, 3, 27].

\4

Drying
<150-200°C
Remove free moisture

Preheat / Dehydroxylation
=250-400°C
FeOOH - Fe,0,

Operational targets:

1. Remove combined
water before densifiction

2. Avoid over-sintering

I

Control atmosphere

(inert/oxidizing or reducing)

Operational targets:

1. Ramage combined
water before densification

Equipment: Annealing / Calcination
Rotary kiin =400-700°C
Grate-kiln Relax porosity; strenghen
Belt furnace agglorlnerate
Fluidized bed v
Microwave Magnetization Roasting

350-650°C, H,/CO
Production of magnetite

Figure 7. Thermal routes
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The figure highlights the significance of managing
atmosphere and operational goals. Precise regulation of gas
composition and water vapor partial pressure is essential to
prevent rehydration, over-sintering, or accidental reduction,
as these issues can impair efficiency and lower product
quality. This control becomes even more critical in
sophisticated systems such as fluidized-bed reactors and
microwave-assisted heating, which offer improved heat
transfer and more precise process regulation [11, 12, 56].

The flowchart illustrates that traditional equipment,
including rotary kilns and grate-kiln systems, remains
prevalent in large-scale operations due to their durability and
high throughput. Meanwhile, emerging technologies such as
microwaves and hybrid systems offer potential improvements
in energy efficiency and reduced carbon emissions [60, 62,
74].

5.2. Hydrometallurgical processes

Two primary pathways are predominant:

(A) Hematite precipitation (HP) at high temperatures
occurs when Fe(lll) dissolves or oxidizes in acidic
solutions—such as zinc sulfate circuits—or is released from
solids, then hydrothermally precipitates as hematite at
approximately 120-200 °C in the presence of air or oxygen.
HP results in dense, low-water hematite with favorable
settling and filtration qualities, helping to minimize sodium
and sulfate co-precipitation common in jarosite and goethite
processes. Maintaining control over silicon and phosphate
levels is crucial for purity and proper kinetic performance.
[54-56, 59].

(B) Goethite/Jarosite pathways, with optional aging to

convert to hematite (G—H). Under milder conditions (around
80-95 °C; pH 2-4), Fe(lll) precipitates as goethite or jarosite
for iron removal. Subsequently, hydrothermal aging or low-
temperature calcination transforms these into hematite. These
approaches are standard when sulfate management and alkali
budgets are priorities or when integration with Bayer-type
liquors is required. Adjusting pH, Eh, and seed controls
influences induction time and particle size. [12, 58, 59].

Bauxite/Bayer variants: In alumina production, Al-
substituted goethite in gibbsitic bauxites transforms at low to
moderate temperatures and can be directed toward hematite
formation, maximizing alumina extraction; alkaline chemistry
alters the dehydroxylation energy and nucleation pathway.
[12].

Figure 8 depicts two primary hydrometallurgical
approaches for extracting iron and producing hematite.

Fe (lll) solution or

solids
120-200°C 80-95°°C
(A) air or O, pH 2-4 (B)

Hematite
precipitation
(HP)

—> Hematite

Optional
aging or
calcination

Bauxite / Bayer
variants

Hydrometallurgical routes
Figure 8. Hydrometallurgical routes

Pathway A offers higher product quality with fewer
impurities and less co-precipitation, but it requires more
energy, making it less suitable for low-value streams [54,55].
In contrast, Pathway B, which operates at lower temperatures
and costs, is common in integrated hydrometallurgical
processes; however, it produces intermediate solids that need
further processing [58,59].

The Bauxite/Bayer process highlights opportunities to
combine iron removal with alumina recovery, aligning with
circular economy objectives [12, 57]. Future developments
should aim to optimize energy efficiency and impurity
control, while also incorporating low-carbon energy sources
to meet sustainability goals [74, 77, 78].

5.3. Hybrid routes (wet plus thermal))

Hybrid schemes selectively precipitate Fe(lll) as
ferrihydrite or goethite at pH 2—4 or If the grade is >12, age
the material to manage impurities and morphology before
calcining it at 300-450 °C to produce hematite. This method
separates solution chemistry processes—Ilike controlling
Si/P/Al and capturing trace metals—from the final
densification and phase purification steps. Hybrids can lower
energy consumption compared to high-temperature, long-
duration kiln firing while still producing pigment.

Figure 9 illustrates the hybrid (wet + thermal) process for
removing iron and producing hematite. Initially, Fe(lll) is
selectively precipitated as ferrihydrite or goethite under
specific pH conditions (2—4 or >12). These precipitates are
then aged to enhance particle morphology and control
impurities, including trace metals such as Si, P, and Al. The
final step involves thermal calcination at 300-450°C,
converting the intermediates into dense hematite. This
method separates the solution chemistry control from the
densification stage, resulting in high-quality products suitable
for industrial applications such as pigments.
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Figure 9.Hybrid routes.

Hybrid routes capitalize on the advantages of
hydrometallurgical selectivity and thermal stability, thereby
reducing total energy consumption compared to conventional
high-temperature techniques. This method, which separates
precipitation from calcination, enhances impurity control and
particle morphology, resulting in higher-purity hematite and
more efficient processing [56,59]. Nonetheless, it requires
meticulous regulation of pH and redox conditions, adding to
operational complexity, and managing intermediates between
wet and thermal stages can boost capital expenses.

Despite these challenges, hybrids remain highly relevant
for sustainable iron processing, as they reduce CO: emissions
and support the valorization of by-products, such as pigments
or trace metal concentrates [74, 77, 78]. Future work should
aim to intensify the process and incorporate renewable energy
or electrified heating to minimize environmental impact
further [74, 76].

6. Industrial applications

6.1. lron-ore beneficiation

Goethite-rich feeds benefit from a staged thermal
conditioning process that first removes free and bound water,
then transforms FeOOH into Fe:0s prior to high-load
agglomeration. Modern sinter and pellet facilities usually
incorporate drying (up to 150-200 °C),
preheating/dehydroxylation (around 250-400 °C), and
annealing (about 400-700 °C) within a controlled atmosphere
to prevent re-hydroxylation and over-sintering. This method
reduces fuel consumption downstream by limiting
endothermic dehydroxylation in the blast furnace or DRI unit,
enhances bed permeability, and stabilizes strength properties.
Field and pilot tests indicate that pore formation during

preheat substantially affects heat transfer and mechanical
qualities, prompting cycle design modifications based on ore
LOI and goethite content [11, 23-25, 31-32, 60-62].
Optional magnetization roasting at 350-650 °C in H./CO
(R2) is becoming more common when the aim is magnetic
separation or direct reduced iron (DRI). This process benefits
from the quicker reduction rates of porous hematite and
magnetite versus dense grains [26, 27, 33, 35-36,40].

6.2. Industrial residues

Goethite-rich residues such as bauxite residue (red mud),
zinc hydrometallurgy liquors, and AMD sludges can be
valorized by converting Fe(lll) into filterable hematite or
magnetite. In red mud, thermal or hydrochemical FeOOH to
Fes04/Fe20s pathways enable Fe recovery and improve solid—
liquid separation of the remaining matrix [14,57]. In zinc
processes, two main hydrometallurgy routes dominate: (i)
direct hematite precipitation at 120-200 °C in oxidizing
autoclaves, producing dense, low-water solids with good
settling and filtration; and (ii) goethite/jarosite precipitation at
80-95 °C (pH = 2-4) for iron removal, followed by
hydrothermal aging or low-temperature calcination to
hematite when sulfate and alkali budgets require (section
6.2).

Recent research has shown that hydrothermal conversion
effectively transforms jarosite into hematite, resulting in
recyclable, low-impurity products that aid process retrofits in
sulfate circuits [58-59, 63]. In addition to base-metal streams,
stepwise hydrothermal separations that precipitate Fe as
hematite from complex sludges enhance the recovery of
valuable metals such as Zn and produce an Fe.Os by-product
suitable for pigments or as feedstock for blending [68].

6.3. Pigments and advanced materials

Synthetic hematite (a-Fe.Os) serves as a primary red
pigment due to its thermal and chemical stability. Its hue can
be tuned by altering size, shape, or dopants, and it is
compatible with ceramic glazes and architectural coatings.
Microwave-assisted precipitation can lower the temperature
required to transform goethite into hematite and reduce
processing time. This facilitates pigment production from
FeSO. residues via waste-to-pigment techniques, which allow
easy filtration and result in high BET surface areas [64].

Al-modified hematite/alumina composites used in high-
value ceramics yield bright yellowish-red hues with strong
thermostability; adding silica coatings improves mechanical
durability and color retention, which is beneficial for
porcelain stoneware and sanitary ware [67].

Hematite nanostructures play a key role in catalysis and
functional materials as redox-active supports and
photocatalysts, also serving in environmental cleanup. Recent
reviews highlight the relationships between synthesis,
structure, and properties that inform pigment and catalyst
manufacturing strategies from goethitic sources [19, 65].

© IKR Journal of Engineering and Technology (IKRJET). Published by IKR Publishers Page 77



7. CAPEX and OPEX

7.1. Scope and boundaries

We determine costs at both the unit-operation and flow
sheet levels—thermal, hydromet HP, G—H, or hybrid.
Unless specified otherwise, OPEX includes energy, reagents,
consumables, maintenance, labor, waste management, and
by-product credits; CAPEX encompasses core equipment,
auxiliaries, utilities, installation, and controls/integration. We
suggest reporting normalized KPIs such as GJ per ton of Fe
(or per ton of dry feed), kWh per ton of water removed, tons
of CO: per ton of Fe, and US dollars per ton of product [61,
62, 78].

7.2. Thermal processes (drying, followed by
preheating/dehydroxylation, then
annealing;  magnetization  roasting is
optional)

CAPEX drivers encompass furnace selection (such as
grate-kiln, rotary kiln, belt, or fluidized bed), gas handling
(including off-gas condensation and dew-point regulation),
and instrumentation (monitoring dew point, O levels, and
rapid mineralogy analysis). Fluidized beds involve additional
CAPEX for distributors and air systems but can decrease
overall footprint due to enhanced heat and mass transfer [60,
62]. Electrified preheaters and microwave systems require
power delivery and shielding; however, they can reduce flue-
gas treatment expenses [56,74].

OPEX drivers include thermal duties such as heating
solids, evaporating free water, and dehydroxylating FeOOH
to Fe:Os (an endothermic process). Additionally, they involve
the operation of fans/draft systems and dust control measures
[61,62]. Optional R2 magnetization adds reductants like
H2/CO and humidity regulation, providing advantages like
magnetic upgrading and DRI compatibility. These benefits
can reduce overall costs related to separation and downstream
ironmaking processes [26, 27, 33, 35-36, 40].

7.3. Hydrometallurgical routes
(A) Hematite precipitation (HP, 120-200 °C,
air/Oz).

CAPEX includes autoclaves (pressure vessels),
oxygen/air compression, seed handling, and hot solid—liquid
separation. OPEX covers steam/electricity for heating and
agitation, oxygen, seeding/neutralization, and filtration
media. The benefit stems from dense, low-water hematite,
which provides better settling and filtration, thereby reducing

Table 4. Consolidated table —- CAPEX and OPEX

downstream dewatering OPEX compared to jarosite/goethite
precipitates [54,55,58].
(B) Goethite/jarosite at 80-95 °C with aging or low-
temperature calcination (G—H).

CAPEX involves atmospheric tanks, pH control, filters,
and optionally a small calciner or aging reactor. [78].

7.4. Hybrid and low-carbon options

Hybrid thermal-hydromet (pre-dry — hydromet HP or
G—H — low-T anneal) can lower peak temperatures and
flue-gas loads while achieving the desired morphology and
density. Low-carbon strategies include hydrogen-assisted
stages, electrified heat, and heat integration (off-gas
condensation/steam reuse). Their economics depend on
energy and H: prices, as well as site utilities; integrating with
DRI/EAF enhances value capture [56, 60-62, 74, 76-79].

7.5. Major cost levers and sensitivities

e Feed properties such as LOI, goethite fraction, particle
size/crystallinity, and Al-Si—P substitutions affect the R1
window and gas demand (energy/time) [12,18,24,31].

e Humidity control: Elevated p(H20) extends R1 and raises
fuel consumption; upgrading condensers and ID fans
often yields quick benefits [61,62].

e Product specs & credits: Dense hematite that meets
pigment/sinter-feed specs increases revenue or decreases
blending costs [30,64-65,67-68].

e Fluidized beds scale well for fines, while Kilns are
appropriate for mixed feeds and brownfield retrofits
[60,62].

e Electrification & Hz: OPEX becomes more sensitive to
electricity and Ha prices; emissions decrease when low-
carbon power is accessible [56,74,76].

7.6. Reporting template (recommended)

CAPEX includes equipment, installation, utilities (such
as gas treatment, oxygen/H., power), controls, EPC, and
contingency. OPEX covers energy (in GJ/t), reagents and
consumables, maintenance costs (as a percentage of the
installed cost), labor, waste management, and credits from
by-products.

KPIs: GJ per ton of feed; kWh per ton of water

removed; tCO: per ton of iron; US dollars per ton of Fe.Os
(or Fe in DRI); filtrability index; pellet CCS/sinter TI.
Table 4 outlines the primary CAPEX and OPEX drivers
across three processing methods: thermal, hydrometallurgical,
and hybrid/low-carbon technologies, while also highlighting
key cost sensitivities.

. Section Key Items  Description / Examples Relevant KPIs
Furnace type (grate, rotary, fluidized bed), off-gas
t dry feed, kWht
Thermal Routes CAPEX treatment systems, advanced instrumentation (O, dew g;oc\]/?; eed, ftH0
point, fast mineralogy). '
OPEX Heating of solids, water evaporation, dehydroxylation, tCO./t Fe
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. Section Key Items

Description / Examples

Relevant KPIs

fan and draft consumption, dust control, reagents for

magnetization roasting.

Hydrometallurgical Routes CAPEX

OPEX

Hybrid & Low-Carbon CAPEX .
infrastructure.

OPEX
heat recovery.

Cost Sensitivities -

Autoclaves, O> compression systems, atmospheric
tanks, filters, aging reactors.

Steam and electricity, oxygen, acids/bases,
neutralization, filtration media.

Heat integration systems, electrified heating, Ha

Electricity and H: as major cost drivers, savings from

US$/t Fe20s

Filtrability index

Emissions reduction (tCO/t)

Pellet CCS/ Sinter Tl

LOl, goethite fraction, particle size, p(H20) control,
scale, and plant layout.

Thermal routes remain CAPEX-intensive but provide
good scalability and reliability. Meanwhile,
hydrometallurgical options offer higher selectivity but incur
higher OPEX due to reagent and energy costs [54,55,59].
Hybrid and low-carbon systems could lower long-term OPEX
and environmental impact, but they require higher initial
CAPEX and more advanced technology [74,76,77].

For sustainable process design, optimizing trade-offs
requires a system-level approach that balances economics and
environmental impact, especially during the transition to
decarbonized iron production [74,77,78]. It analyzes CAPEX
(blue) and OPEX (red) sensitivities across six key factors
shaping industrial process design: Furnace Type, Humidity
Control, Product Specifications, Electrification/Hz
Integration, Scale & Layout, and Thermal Energy Demand.

Figure 10 shows a radar chart depicting the sensitivity of
CAPEX (blue line) and OPEX (red line) across six key
factors influencing process design and economic viability.

CAPEX primarily relies on Furnace Type, Scale, and
Layout, focusing on the upfront costs for equipment and
infrastructure.

Humidity Control and Thermal Energy Demand have
more influence on OPEX because these factors directly affect
ongoing operational costs, such as energy use and process
stability.

CAPEX vs OPEX Sensitivity Radar Chart — CAPEX

=— OPEX

Electrificat|on / H2s Furnace Type

al-€hergy Demand

Figure 10 CAPEX vs OPEX Sensitivity Radar Chart

This comparison highlights the strategic trade-off between
capital investments and operational considerations.

* Investing heavily in advanced furnace technologies can
decrease operational costs through improved energy
efficiency and reduced maintenance expenses, but it is
essential to carefully assess the payback period [61,74].

* The prominence of Thermal Energy Demand in OPEX
highlights the significance of energy efficiency and process
optimization, particularly in areas facing increasing energy
prices or decarbonization challenges [74,76].

* Humidity control greatly influences operational costs,
particularly in hydrometallurgical and drying processes, as
excess moisture increases energy consumption and decreases
process reliability [11,56].

To ensure long-term  sustainability, integrating
electrification with hydrogen technologies can reduce OPEX
linked to fossil fuel dependence, although it may initially
increase CAPEX because of infrastructure and technology
development expenses [60, 76, 77].

This chart ultimately serves as a decision-making aid that
balances short-term investment constraints with long-term
operational savings and environmental impact, supporting the
development of economically viable and sustainable process
designs.

8. Characterization techniques

This section outlines what each technique uncovers, how
to use them for goethite-to-hematite transformations, and
typical mistakes encountered with natural ores and industrial
residues.

8.1. X-ray diffraction (XRD)

During the goethite-to-hematite transformation, XRD
enables the detection and quantification of phases like
goethite (a-FeOOH), hematite (a-Fe.0s), ferrihydrite,
jarosite, and magnetite. This method is crucial for monitoring
thermal, hydrometallurgical, and hybrid processes, providing
valuable information on reaction kinetics, crystallinity, and
phase purity [18, 27, 28].
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High-resolution XRD combined with Rietveld
refinement allows for the identification of minor phases and
lattice substitutions, like aluminum or silicon incorporation in
goethite or hematite, which affect transformation behavior
and properties of the final product [16,20]. Moreover, in situ
XRD studies provide important insights into structural
changes during heating or reduction, aiding the optimization
of industrial processes [38,40,43].

Overall, XRD is a non-destructive and highly
informative technique that delivers crucial data for process
control and research, aiding the development of sustainable
and efficient iron ore processing methods.

8.2. Mdssbauer Spectroscopy (Fe)

Madssbauer spectroscopy differentiates oxidation and
coordination states, such as Fe** versus Fe?, and
distinguishes hematite sextets from goethite and ferrihydrite
doublets, including superparamagnetic fractions. During
heating, hyperfine parameters reveal dehydroxylation and
topotactic reordering. Under reducing gases, they indicate the
transient formation of Fe* and magnetite [33,40]. Recent
reviews summarize protocols and common pitfalls, like
magnetic relaxation in nano-hematite [69].

Good practice involves recording spectra at 300 K and
low temperatures (4-80 K) to account for
superparamagnetism, and ensuring that Madssbauer area
fractions align with XRD quantification.

8.3. Thermal analysis (TG/DTG/DSC/DTA)

The TG/DTG/DSC profile shows mass losses and
enthalpy changes associated with dehydroxylation (R1) and
subsequent reduction steps (R2-R4). In goethitic ores, the
main dehydroxylation usually occurs between 250-400°C,
influenced by particle size, isomorphic substitutions (Al, Ga),
and gas p(H:0) [12,18,24]. Combining high-temperature
DTA/DSC with magnetic susceptibility measurements helps
distinguish endothermic R1 peaks from changes in
magnetization, thereby improving the understanding of
activation energies and mechanisms under relevant
atmospheric conditions [44,72].

Good practice includes controlling gas flow and
composition (pO2, pH20), calibrating buoyancy effects, and,
when feasible, integrating analysis with evolved-gas
techniques such as QMS or FTIR.

8.4. Electron microscopy (SEM/TEM) and

correlative tools

SEM/TEM images reveal morphology, transient
porosity, and topotactic textures like plates and lamellae,
which affect filtration and agglomerate strength after R1. In-
situ  liquid-phase TEM has demonstrated dissolution—
reprecipitation behavior and beam-induced radiolysis
chemistry relevant to solution-mediated processes [50], as
well as the anisotropic dissolution pathways of iron-oxide
nanoparticles [73].

Good practice involves using representative cross-
sections (ion-milling) and carefully interpreting LP-TEM,
especially when beam chemistry influences local redox
processes.

8.5. Vibrational Spectroscopy (FTIR/Raman)

FTIR and Raman spectroscopy are used to identify
structural OH groups, adsorbed water, and Fe—O vibrational
modes. Goethite exhibits distinct OH absorption bands
around 3.1-3.2 um and bending modes near ~900 cm™,
which indicate crystallinity and substitution effects.
Conversely, hematite, with its corundum structure, is
typically anhydrous and shows strong Fe—O modes. Recent
experimental and DFT studies have associated vibrational
signatures with magnetic exchange in a-FeOOH [70], with
spectral changes reflecting crystallinity and composition in
well-formed natural samples [71]. In systems containing
organics or phosphates, ATR-FTIR coupled with the
surrounding  liquid allows for surface complexation
monitoring, potentially shifting the dehydroxylation window
and affecting the hydrogen peroxide (HP) versus G—H
hydromet routes [17,70].

Good practice includes consistently drying and
conditioning samples to avoid H.O masking, utilizing ATR
for surface-sensitive measurements, and cross-checking
results with XRD or Mdssbauer spectroscopy.

9. Challenges and Future Perspectives

Industrial scale-up faces challenges due to the
heterogeneity of goethite-rich feeds, which vary in LOI, Al-
Si—P substitutions, and particle size. This variability
complicates heat and mass transfer, off-gas humidity
management, and consistent dehydroxylation in large beds or
kilns. Transitioning from lab or bench-scale to larger systems
like grate—kiln, rotary-kiln, or fluidized-bed reveals issues
such as microcracking, pore collapse, and over-sintering,
which can weaken strength, reduce filtrability, and increase
energy use. Electrification methods—resistive, induction,
microwave—are promising for process heat but present
challenges like high capital costs, material compatibility
issues, and grid-carbon constraints when retrofitting plants.
Therefore, detailed techno-economic analysis and control co-
design are crucial.

Integrating the circular economy involves valorizing
iron-rich residues such as red mud, jarosite/goethite
precipitates, and lateritic tailings by directing them toward
hematite/magnetite production and then into DRI/EAF
processes. This strategy helps close material loops and
reduces residue storage risks. However, LCA indicates that
burden shifting could occur if chemicals, energy, and
transportation are not managed efficiently. High-value
pathways like hydrothermal hematite precipitation and
hydrogen-assisted processes, including plasma reduction, are
promising but require careful control of impurities (e.g., Si, P,
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alkalis) and effective solid-liquid separation to be
commercially viable.

Developing low-carbon processes involves hydrogen-
based direct reduction (DR), magnetization roasting with
low-carbon reductants, and electrified heating, including
hybrid microwave pre-heats. These techniques can greatly
reduce Scope-1 emissions when water vapor (HO/H:) and
pO: are carefully managed to avoid FeO bottlenecks and
over-sintering. System analyses indicate that achieving deep
decarbonization also relies on the upstream electricity and
hydrogen footprints, as well as combining residue
valorization with DRI/EAF processes. [33, 40, 56, 60-62, 76—
79].

Al-enabled sensing, control, and digitalization are
rapidly progressing. Key advances include soft sensors for
predicting moisture, dew-point, burn-through-point, and
mode recognition during sintering and roasting; integrating
computer vision with probabilistic and machine learning
models enhances early-warning systems and refines set-
points. Digital twins streamline scale-up processes and
facilitate '‘what-if' analyses for energy consumption and
emissions. However, challenges remain in making sensors
robust against domain shifts, providing understandable
control actions within safety limits, and developing reliable
online sensors for gas humidity, as well as phase or porosity
monitoring in hot zones.3].

10. Conclusions

Summary of progress (2020-2025).

Over the past five years, research has clarified how
goethite transforms into hematite, identifying the topotactic
dehydroxylation temperature (~250-400 °C) as influenced by
particle size and Al/Ga substitution. Variations in density,
filtrability, and strength are explained by vacancy filling,
transient porosity, and coalescence. Enhanced
thermodynamic and kinetic maps now relate T-time—pO.—
p(H20), while operando techniques such as synchrotron
XRD, thermal analysis with magnetic measurements, and in-
situ - TEM/IR/Raman enable real-time observation of
transformation pathways—distinguishing solid-solid from
dissolution—precipitation. In industry, staged drying,
preheating, and annealing are standard for goethitic feeds.
Magnetization roasting (Hz/CO, 350-650 °C) provides a
flexible option for beneficiation and DRI production.
Hydrometallurgy relies on primary methods like hematite
precipitation (HP, 120-200 °C, oxidizing) and
goethite/jarosite precipitation (80-95 °C), with aging or low-
temperature calcination converting materials into hematite.
Additionally, electrified heat sources such as microwave and
induction heating are increasingly used. Al-assisted control is
advancing from pilot projects toward early commercial
deployment.

Industrial mportance.

e Iron-ore beneficiation involves removing structural water
and pre-treating hematite to enhance bed permeability,
reduce fuel consumption during sintering and pelletizing,
and stabilize mechanical properties. An optional
conversion of Fe:Os to FesO4 allows magnetic upgrading
and facilitates DRI integration.

e Industrial residues such as red mud and sulfate-circuit
iron streams are increasingly being sent to dense, low-
water hematite or magnetite. This enhances dewatering
and enables the recovery of by-product Fe, while also
protecting the value chains of Al, Ti, and Zn.

e Pigments and advanced materials: Custom hematite
(size, shape, dopants) enables applications in red
pigments, ceramics, and catalysis; waste-to-pigment
methods are possible if purity and particle design are
preserved.

Gaps and potential directions for future
research.

1. Standardized reporting of dehydroxylation Kkinetics
covers particular p(H20)/pO: ratios, particle features, and
impurity types such as Si, P, and alkalis.

2. Scale-bridging operando diagnostics and inline sensors
(dew point, fast XRD/LIBS/IR) to connect
microstructure with plant set points.

3. Implement process intensification techniques, such as
fluidized beds and forced vapor removal, to manage thick
beds and fine feeds. This helps prevent over-sintering
and reduces R1 residence times.

4. Validated models and digital twins (combining first-
principles and machine learning) for model predictive
control of temperature ramps, gas composition, and bed
depth amid changing feed conditions.

5. Low-carbon  pathways: conduct  comprehensive
TEA/LCA for electrified heating and H:-assisted
processes, integrating with DRI/EAF and residue
valorization.

6. Product performance assurance involves guaranteeing
long-term stability and adherence to market standards for
hematite and magnetite produced from residues, such as
pigment grade, sinter feed, or cement additives.
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