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ABSTRACT: Iron-rich oxidized copper ores are challenging to treat by atmospheric leaching because iron oxides and
oxyhydroxides may consume acid and increase impurity loading in the pregnant leach solution. This study evaluated a three-stage
route comprising sulfuric-acid sulfation, oxidative calcination, and pH-controlled atmospheric leaching, with the primary objective
of minimizing net Fe transfer rather than maximizing Cu extraction. Six distinct operating conditions were investigated using a
ferruginous oxidized copper ore from northern Bahia, Brazil, containing 19.6 wt.% Fe, 5.37 wt.% Al, 1.47 wt.% Mg, 0.524 wt.%
Mn, and 1.05 wt.% Cu. Commercial sulfuric-acid solution additions during sulfation ranged from 9.75 to 99.69 kg solution/t dry
ore. The sulfated products were calcined through staged temperatures from approximately 250 to 700 °C over 6 h and subsequently
leached at approximately 90 °C for 180 min, with final solution pH values of 2.33-2.77. Reconciled Fe transfer remained between
0.026% and 0.340%, corresponding to Fe suppression of 99.66-99.97%. By contrast, Mg, Mn, and Al transfers ranged from 6.39%
to 29.78%, 38.14% to 59.98%, and 6.95% to 16.28%, respectively, confirming that Fe suppression did not result from a general
inhibition of mineral dissolution. The measured Fe transfers corresponded to calculated stoichiometric acid equivalents of only
0.13-1.76 kg H2SO4/t ore, compared with an upper-bound requirement of 516.34 kg H.SO4/t ore for complete conversion and
dissolution of feed Fe as Fe(II) sulfate. The response is consistent with initial formation of ferric sulfate, basic ferric sulfate, or
related Fe-bearing sulfate intermediates, followed by thermal destabilization to poorly soluble Fe(Ill)-oxide-bearing phases and
release of sulfur oxides. Released SOs may have promoted sulfate redistribution to neighboring reactive metal-oxygen sites, while
controlled-pH leaching was consistent with an additional aqueous Fe-rejection barrier through limited Fe-oxide attack and Fe(III)
hydrolysis or reprecipitation. Mg behaved as a persistent sulfate sink, Mn showed redox-sensitive transfer, and Al exhibited
intermediate behavior. The route therefore selectively decoupled the large Fe inventory from the final aqueous products. Direct-
leaching controls and stage-resolved mineralogical, sulfur-speciation, and off-gas analyses are required to quantify actual acid
savings and confirm the proposed mechanism.

KEYWORDS: Sclective iron suppression, ferruginous oxidized copper ore, sulfuric-acid sulfation, oxidative calcination,
atmospheric leaching, pH-controlled leaching

Highlights

* Sulfation, oxidative calcination to approximately 700 °C, and pH-controlled leaching limited reconciled Fe transfer to 0.026—
0.340%.

* The corresponding Fe suppression of 99.66-99.97% reduced the measured ferric-iron acid liability to only 0.13—1.76 kg H>SO4/t
ore.

* Ferric-sulfate formation and decomposition provide a plausible internal sulfate-redistribution pathway while regenerating poorly
soluble Fe20s.

* Mg and Mn were not comparably suppressed, confirming that low Fe transfer did not result from a general inhibition of all gangue
dissolution.

* The route should be assessed primarily by iron rejection and avoided Fe-related acid demand, not by maximum copper extraction.
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Graphical abstract

Selective Suppression of Iron Transfer in Ferruginous Oxidized Copper Ore
by Sulfation-Calcination-pH-Adjusted Leaching
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1. INTRODUCTION

1.1. Iron as the principal acid-liability driver in atmospheric leaching

Atmospheric sulfuric acid leaching is attractive for oxidized ores because it operates at moderate temperatures and
pressures, but its selectivity is often governed by the gangue rather than the target metal. Carbonates, reactive silicates, clays,
secondary precipitates, and iron-bearing phases can consume acid, retard transport, increase solution viscosity, and complicate
downstream purification. These effects have been documented in copper and lateritic systems, where mineralogy, particle size,
residence time, and gangue reactivity can dominate the apparent metallurgical response (Thomas, 2021; Toro et al., 2021; Dong et
al., 2023; Kutluata & Obut, 2026; Tang et al., 2023; Vehmaanperi et al., 2021; Yeskibayeva et al., 2024; Pereira, 2026a, 2026b).

Iron is especially consequential because ferruginous ores may contain one to two orders of magnitude more Fe than the
valuable metal. If Fe enters solution, it consumes acid during dissolution and subsequently demands neutralization or precipitation,
generating additional residue and potentially entraining valuable metals. Studies of iron precipitation from laterite liquors, goethite
and hematite formation, jarosite chemistry, and basic ferric sulfate show that Fe control is not a single reaction but a coupled problem
of oxidation state, hydrolysis, sulfate activity, temperature, seeding, and precipitation kinetics (Buriti et al., 2024, 2025; Cruells &
Roca, 2022; da Silva et al., 2022; Das & Li, 2023; Deng et al., 2020; Febriana et al., 2026; Ventruti et al., 2020). Scaling and solid
deposition under high-acid laterite conditions further demonstrate that uncontrolled Fe chemistry can affect both solution quality
and equipment performance (Dickson et al., 2026), while alternative atmospheric routes seek to retain Fe in a manageable solid
form before or during leaching (Xiao et al., 2026).

The feed studied here contained 19.6 wt.% Fe and 1.05 wt.% Cu, equivalent to approximately 196 kg Fe and 10.5 kg Cu
per tonne of dry ore. This Fe/Cu mass ratio of approximately 18.7 makes Fe suppression a first-order process objective. The relevant
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question is therefore not whether the highest possible fraction of Cu can be transferred, but whether accessible Cu-bearing sites can
be activated while Fe remains in a refractory or readily reprecipitated form.

1.2. Sulfation and roasting as selective phase-transformation tools

Sulfation followed by roasting, calcination, water leaching, or acid leaching has been investigated across a wide range of
feed materials, including Ti-bearing slags, bauxite residues, limonitic and saprolitic laterites, rare-earth ores, serpentine-rich ores,
refractory oxidized ores, and industrial residues. Collectively, these studies show that selectivity arises from differences in sulfate
formation, thermal stability, decomposition kinetics, and final sulfate solubility rather than from a universal sulfate-roasting
mechanism (Bian et al., 2020; Dong et al., 2022; Falah et al., 2026; Gontijo et al., 2023; Maluleke et al., 2023; Teixeira, 2020;
Tauakelov et al., 2025).

Recent laterite investigations have emphasized the need to couple mineralogy with thermal and aqueous operating
windows. Sulfation-roasting-leaching responses depend on serpentine abundance, MgO and SiO: contents, alkali salts, pre-roasting,
roasting temperature, sulfate dose, and post-roast leaching conditions (Hariyanto et al., 2023a, 2023b, 2024; Mamyrbayeva et al.,
2025; Osali et al., 2026; Ribeiro et al., 2020, 2021, 2022; Yang et al., 2022; Zhao et al., 2024, 2025b). Microwave and alternative
thermal activation studies likewise show that the heating mode and mineral decomposition pathway can materially alter leachability
(Muhammad et al., 2025).

A related body of work has treated sulfation roasting as an integrated chemical loop in which sulfur oxides are generated,
retained, transferred, or recovered. Enhanced SOs recovery, oxidative decomposition roasting, and process integration have been
proposed for laterites and ferronickel systems, underscoring that the fate of sulfur during heating is central to both selectivity and
reagent efficiency (Qin et al., 2026; Zhao et al., 2025a). The present study applies this phase-transformation concept specifically to
the rejection of Fe from a ferruginous oxidized copper ore.

1.3. Ferric sulfate decomposition, sulfate redistribution, and furnace atmosphere

Low-temperature sulfation of iron oxides and hydroxides can yield ferric sulfate or basic ferric sulfate, depending on acid
activity, water content, and mineral reactivity (Gontijo et al., 2020; Ventruti et al., 2020). During heating, Fe-bearing sulfate phases
undergo dehydration, changes in oxidation state, oxysulfate formation, and decomposition into iron oxides. High-temperature
characterization of melanterite and kinetic studies of FeSO4 decomposition indicate that Fe(Il)-sulfate pathways are complex and
atmosphere-sensitive (Lacalamita et al., 2021; Rego et al., 2024). Ferrous-sulfate transformations during hematite precipitation and
solid-state oxidation studies further show that oxygen availability controls the pathway by which Fe(II) phases evolve toward Fe(III)
oxides (Deng et al., 2020; Klyushnikov et al., 2021, 2023).

Iron sulfate can also behave as a sulfating agent. Experimental roasting of copper-slag tailings with iron sulfates and
thermodynamic studies of Fe(I1l)-sulfate-assisted upgrading demonstrate that ferric sulfate may redistribute sulfate to other reactive
phases while Fe is converted to an oxide (Grudinsky et al., 2021; Souza et al., 2022). Hematitization baking has similarly been used
to improve Fe selectivity during base-metal leaching (Kart et al., 2021). Thermodynamic modeling of multimetal sulfate roasting
and experimental roasting studies confirm that the relative stability of Fe, Cu, Co, Ni, and gangue sulfates is highly dependent on
temperature and gas composition (Sun et al., 2026; Urtnasan et al., 2024; Zhang et al., 2026).

Copper-bearing feeds provide additional evidence that SO>—O: or sulfate-mediated roasting can convert Cu into a water-
or acid-soluble sulfate while Fe remains in less-soluble oxide forms. Such behavior has been reported for copper-bearing materials,
low-nickel and low-grade nickel mattes, copper slags, and waste-on-waste roasting systems (Gayratov et al., 2026; Sun et al., 2020;
Wan et al., 2020, 2021; Xiao et al., 2021). Thermal decomposition and leaching studies of copper-containing intermediates also
show that the final Cu phase depends on the thermal decomposition path and the availability of sulfur-bearing species (Sari et al.,
2026). These studies support, but do not directly prove for the present ore, a local sulfate-transfer mechanism involving ferric sulfate
or SO:s released during its decomposition.

1.4. Why Mg, Mn, and Al require separate interpretation

Selective Fe suppression does not imply suppression of all gangue metals. Mg-bearing silicates can react extensively with
sulfuric acid, and MgSO+ may remain stable over temperature ranges where ferric sulfate decomposes. Research on serpentine,
peridotite, laterite residues, and magnesium-salt production illustrates the high sulfate affinity and persistence of Mg in acid-treated
systems (Peng et al., 2021; Reddy et al., 2020; Taheri & Larachi, 2025; Wanderley et al., 2020). The influence of MgO on sulfation-
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roasting selectivity and the interaction of serpentinite with dilute sulfuric acid reinforce the need to treat Mg as a separate sulfate
sink (Hariyanto et al., 2024; Yeskibayeva et al., 2024).

Al-bearing phases occupy an intermediate position. Thermal activation of alunite, ammonium-sulfate roasting of bauxite,
and kinetic studies of K-alum and aluminum sulfate indicate that Al sulfate can form, dehydrate, decompose, and redistribute sulfur
over a broad temperature range (Chen et al., 2026; Rego et al., 2021; Xu et al., 2022; Zheng et al., 2020). Silicate decomposition
during sulfuric-acid treatment is also governed by mineral structure, diffusion, and the formation of reaction rims (Thibault et al.,
2026). Consequently, Al may act as a persistent acid consumer, a temporary sulfate carrier, or a refractory aluminosilicate
component, depending on its host phase and the exact furnace history.

Mn is different again because its aqueous transfer is strongly redox-sensitive. In the present tests, sulfurous acid was added
to some leaches, so Mn dissolution cannot be interpreted solely by sulfate thermal stability. This contrast among Fe, Mg, Mn, and
Al is important: a route that specifically suppresses Fe can still produce substantial Mg, Mn, and Al transfer.

1.5. Objective and working hypotheses

The objective of this study was to quantify and interpret the effectiveness of sulfuric-acid sulfation followed by oxidative
calcination and pH-controlled atmospheric leaching in suppressing net Fe transfer from a ferruginous oxidized copper ore. Copper
transfer was used only as a process-response tracer. The work tested four linked hypotheses: (i) accessible Fe oxides and
oxyhydroxides can initially react with H.SOa4 to form ferric sulfate or related Fe(Ill) sulfate phases; (ii) oxidative calcination
decomposes these phases, regenerates poorly soluble Fe:Os, and releases sulfur oxides; (iii) released SOs or direct solid-state
exchange can sulfate neighboring reactive Cu-, Mg-, or Al-bearing sites; and (iv) controlled-pH leaching provides a second Fe
barrier by limiting renewed Fe-oxide dissolution and promoting hydrolysis of any Fe(IIl) released. The study further evaluates why
Mg and Mn were not suppressed and why Al displayed intermediate behavior.

2. MATERIALS AND METHODS
2.1. Ore provenance and test-feed preparation

The material was supplied to the research project as oxidized copper ore from northern Bahia, Brazil. The process feed was
prepared as a homogenized blend of oxidized-ore subsamples. Individual sample identifiers are omitted because the objective is
process selectivity rather than deposit-scale mineralogical variability. The mineralogical values reported below are averages for the
oxidized-ore group.

2.2. Chemical and modal characterization

The chemical composition of the homogenized process feed is presented in Table 1. Reporting the full feed composition
before the operating matrix is essential because the magnitude of the Fe inventory defines the acid-liability problem addressed by
the route.

Table 1. Chemical composition of the ferruginous oxidized copper-ore feed.

Constituent Concentration

Cu 1.05 wt.%

Fe 19.6 wt.%

Al 537 wt.%

Mg 1.47 wt.%

Mn 0.524 wt.%

Si 21.5 wt.%

Ca 0.069 wt.%

Zn 44.28 mg/kg
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Constituent Concentration

Co <0.030 wt.%

Cr <0.200 wt.%

Ni <0.178 wt.%

Loss on ignition 6.82 wt.%

Authors’ compilation from the original project chemical-assay certificate.

The feed contained approximately 196 kg Fe/t ore, compared with 10.5 kg Cu/t. This difference means that dissolving only
a small fraction of Fe can consume as much acid as a much larger relative transfer of Cu. Al and Mg were also present at substantial
levels, while Mn occurred at a lower bulk concentration but in potentially reactive oxide phases.

Table 2 presents the average modal mineralogy of the oxidized-ore group. Only average values are shown, as requested, to
provide a representative mineralogical basis without linking the six process tests to individual drill-core identifiers.

Table 2. Average modal mineralogy of the oxidized copper ore.

Mineral phase Average modal abundance (wt.%)
Quartz 14.07

Chlorite 8.91

Biotite 31.70

Garnet 9.70

Kaolinite 2.04

Mn oxides 1.53

Fe oxyhydroxides 28.27

Other minerals 3.80

Authors’ calculation from the modal-mineralogy dataset supplied with the project; rounded values total approximately 100%.

Within the characterized oxidized-ore group, Fe oxyhydroxides averaged 28.27 wt.%, whereas biotite and chlorite together
averaged 40.61 wt.%. These values provide a representative mineralogical context but should not be interpreted as a direct modal
analysis of the exact process-test blend.

Biotite and Fe oxyhydroxides were the dominant phases. Fe oxyhydroxides constitute the principal ferruginous reservoir,
while biotite and chlorite are major hosts of Mg and Al and may contain structurally bound or finely dispersed Cu. The low average
abundance of Mn oxides does not imply low reactivity, particularly under reducing, acidic conditions. The modal assemblage
therefore predicts distinct Fe, Mg, Mn, and Al responses rather than uniform gangue behavior.

2.3. Sulfation and staged oxidative calcination

Six tests were conducted using approximately 200 g of dry ore per test. Commercial sulfuric acid was mixed with the ore
at nominal additions ranging from 9.75 to 99.69 kg H.SO4/t dry ore. The treated material was heated in a muffle furnace at staged
temperatures from approximately 250 to 700 °C over a total period of about 6 h. Activation-stage mass loss increased from 5.64 to
9.62% as acid addition increased.

The original furnace records did not include continuous measurements of Oz, SOz, or SOs. The treatment is therefore
described as nominally oxidative muffle-furnace calcination. The mechanistic interpretation assumes that oxygen was available to
favor Fe(IlI)-oxide formation; controlled gas-flow experiments are required to validate this assumption.
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2.4. pH-controlled atmospheric leaching

After calcination, approximately 190-199 g of product was leached with approximately 500 g of water at about 90 °C for
180 min. Sulfuric acid was added during leaching to adjust pH. Sulfurous acid was used in some tests to adjust the oxidation—
reduction potential (ORP), so Mn behavior is interpreted as a combined thermal and redox response rather than as a function of
sulfation dosage alone. Final pregnant-leach-solution pH values ranged from 2.33 to 2.77.

The complete experimental and conceptual sequence is shown schematically in Figure 1. The figure should distinguish the
thermal Fe-rejection barrier from the aqueous pH-control barrier.

1. SULFURIC-ACID SULFATION AND AGGLOMERATION 2. OXIDATIVE CALCINATION (MUFFLE FURNACE) 3. ATMOSPHERIC LEACHING WITH pH ADJUSTMENT W
(acid-wetted agglomerated solid mass) (staged temperature program in air)
Commercial H,S0, solution i in ai s H,50, addition S0, (aq)/H, S0,
(95.98 M‘z% l': $0J Air atmosphere (in air) Dtuar;z::d for pH adjustment  solution addition for
added aduazlly ! (as needed) ORP adjustment
I’ l 1(in some tests)
— Solid-liquid
q
Low-grade | separation
copper ore Pregnant leach
(high Fe) « Forms acid-wetted agglomerated —_— (wM'".")
solid mass (no slurry) analysis
'2003 « Continuous manual mixing and . =
(dry basis) breakup of large agglomerates Nominal holding program (1 h at each set point) — Filter cake
per test during acid addition a00°c ). [s00c). (6o0c (to washing)
¢ No external heating; temperature ’ Tl T T g i * Temperature: 90 £ 2 °C
not actively controlled —— = * Residence time: 180 min
* Duration: until complete acid * Cumulative holding time: 6 h (heating-ramp time additional * Final pH (measured at 90 °C): 2.33-2.77
addition and homogenization and not precisely controlled) « Atmospheric pressure (open system)
« Conducted in air (oxidati phere) * Agitation maintained
Commercial acid-solution dosege: * Product cooled to room temperature in air Iitial water-to-solid rati: = 2.5 L/kg
9.8-99.7 kg selution per tonne of dry ore . Jcinat ture: ~700 °C (500 g water per 190199 g calcined solid
I (Equivalent pure H,50, dosage: see Table in text) ) Sl fon Iemperatics /G equivalent to 2.51-2.63 L/kg)
]
* NOTES
SOLID-LIQUID SEPARATION AND RESIDUE WASHING ANALYTICAL STREAMS CALCULATED RESPONSES ¢ Gas composition was nct
Washing of Washed solid Reconciled element Fe-associated stoichiometric during calcination (air
flter cake residue transfer to aqueous phaso (%)* acid equivalont® {imephent
j —_ = + + - (kg Hy'SO, per tonne of * No intermediate-phase
i Basis: primary leach filtrate dr; ::) characterization by XRD.
Primary leach Wash Final sclid + wash filtrate relative to *No thermal analysis by
filtrate filtrate residue total {quor + wash fitrate Assumption: Fe in aqueous TG-D5C. ;
> + solid residue) phase forms Fe,(50,);  Therefore, the identities
Primary leach filtrate Wash filtrate Final solid residue Analyzed for: Cu, Fe, Mg, of Fe-bearing phases
{analysis) {analysis) (dry basis analysis) A AT Calculated for: Cu, Fe, Mg, formed during calcination
Mn, Al and other elements Mn, Al, and other elements were not experimentally
J ) ined in this study
* Proposed mechanistic
3 T, (%) = 100 % [m(primary filtrate) *+ ™M; (wash fitrato)) / (M (primary fiftrate) + M (wash filtrate) + M (solid resicuc)]- interpretaticns are
b Calculated considering Fe in agueous phase converts to Fe,(50,)3; actual acid saving determined by control tests. ::';;:ds"pmm’
Abbreviations: H,50, = sulfuric acid; H,50; = sulfurous acid; SO, (ag) = dissclved sulfur dioxide; ORP = oxidation-reduction potential;
XRD = X-ray diffraction; TG-DSC = thermogravimetry-differential scanning calorimetry.

Figure 1. Experimental and conceptual flowsheet for sulfuric-acid sulfation, oxidative calcination, and pH-controlled
atmospheric leaching, showing the thermal and aqueous barriers that suppress net Fe.
Source: Authors’ elaboration from the original sulfation, calcination, and leaching operating records.

The figure should emphasize that the measured low Fe inventory is an integrated response across the entire route. The
current dataset does not isolate the individual contributions of sulfation, calcination, and pH control; dedicated stage-by-stage
controls are required to achieve mechanistic separation.

The operating matrix is summarized in Table 3. The table outlines the common thermal and aqueous framework and the
variables that varied across the six screening tests.
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Table 3. Sulfation, calcination, and pH-controlled atmospheric-leaching conditions.

Test :12:/84 in sulfation Elzlscsull:st;o(l‘:/o) Leach T (°C) | Time (min) f)‘:llal PLS f‘;il\f;)l ORP EZISL());; added
1 9.75 5.64 90 180 2.67 495 1.03
2 19.80 6.12 90 180 2.70 362 5.15
3 29.94 6.04 90 180 2.35 458 2.06
4 49.99 7.54 90 180 2.33 477 1.03
5 60.05 7.67 89.5-92 180 2.48 445 1.03
6 99.69 9.62 89-92 180 2.77 506 0.00

Authors’ compilation from the original operating bulletins.

All tests reached the same nominal maximum calcination temperature and had the same leach residence time, whereas
sulfation-acid addition, calcination mass loss, final pH, ORP, and sulfurous-acid addition varied. The dataset is therefore interpreted
as a screening matrix of coupled operating conditions, not as a one-factor experimental design.

2.5. Metal-balance reconciliation

For each element, the dissolved inventory was calculated from the combined final liquor and wash-water inventories. The
solid inventory was calculated from the dry-residue mass and residue assay. Because analytical closures were not exactly 100%, the
reconciled net transfer was calculated from the recovered-product inventories.
Xj,rec = mj,solution / (m;,solution + mj,residue) x 100 (1

where Xj,rec is the reconciled net transfer of element i, m;, solution is the combined element mass in the liquor and wash
solution, and m;, residue is the element mass in the final dry residue. This metric expresses measured product partitioning and avoids
interpreting analytical non-closure as extraction. It remains subject to sampling, assay, and unmeasured-process uncertainties.

2.6. Fe suppression and Fe-related stoichiometric acid liability
Iron suppression was defined as the complement of reconciled Fe transfer.
Sre = 100 — Xre rec ?2)
The theoretical H>SO4 requirement for complete conversion and dissolution of feed Fe as Fe(Ill) sulfate was calculated

using:
Rre,100 = mre X (3/2) X Mu.so. / Mre 3)
For 196 kg Fe/t ore, Equation (3) yields 516.34 kg H.SOu/t ore. The Fe-associated acid liability for test j was then calculated
as:
Rrej = RFe,100 X XFej/ 100 4)

The difference Rre,100 — Rre; is reported as a theoretical avoided Fe-related acid liability relative to complete ferric
dissolution. It is not a measured saving relative to a conventional direct-leach control.
2.7. Reaction framework and mechanistic premises

The reaction framework was constructed from balanced limiting reactions and the thermal behavior described in the cited
literature. The equations represent plausible pathways; they do not establish the actual phase sequence in the absence of stage-
resolved XRD, sulfur speciation, and off-gas analysis.

2FeOOH + 3H2SO4 — Fex(SO4)s + 4H-0 %)

Fe20s + 3H2SO4 — Fe2(S04)s + 3H20 (6)

Fe2(S04); — Fe20s + 3S0s(g) @)

2FeS04 + 1/202 — Fe205 + 2S0s(g) ®

CuO(eq) + SOs3(g) — CuSO4 9

Fe2(S04): + 3CuO(eq) — Fe20s + 3CuSOa4 (10)

Fe2(S04)s; + 3MgO(eq) — Fe20s + 3MgSOs (11)
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Fe2(S0s4): + Al20s(eq) — Fe20s3 + Alx(SOa4)s (12)
MnO: + SO2(aq) — MnSO4(aq) (13)
Fe.0; + 6H" — 2Fe’** + 3H20 (14)
Fe** + 3H20 = Fe(OH)s(s) + 3H* (15)

In Equations (9)—(12), oxide-equivalent notation represents a reactive metal-oxygen site formed in an oxide, hydroxide,
partially dehydroxylated phyllosilicate, or amorphous reaction product. It does not imply that Cu, Mg, or Al occurred as discrete
CuO, MgO, or Al20s in the original ore. Equations (7)—(12) describe two possible sulfate-redistribution pathways: release of SOs
followed by gas-solid sulfation, and direct local sulfate exchange between ferric sulfate and a neighboring reactive site.

The relationship between the staged furnace program and the qualitative stability windows of Fe-, Al-, and Mg-bearing
sulfates should be shown in Figure 2. The figure must be presented as a conceptual stability map rather than an experimentally
measured phase diagram.

. Staged furnace program R 4 Lower-temperature region Transition region Upper-tempera!uze region N
(calcination in air, oxidizing atmosphere) {up to~450 °C) ) (~450-600 °C) | 1=600-300:+)
! Sulfate f ) i | Hydrolysis, basic-sulfate formation, | Sulfate decomposition and
800 4 and persistence : and progressive transformation | sulfate-transfer reactions
< o |«
' '
700 A 650 °C Possible Fe(ll) sulfate and) De. ition to Fe(ll
Fe(lll) sulfate e(Ill) sulfate and/or ; - = composition to Fe(lll)-oxide~ | =
600 °C Hold ;.s: i Qll csic feric sultote speces D¥ttdeation ancllpciins; bearing sol phases; release 4 Fell)-oxide-bearing
d i shaiind formed during sulfation; of SO, (principally SO, / phases (specific identity
600 1h g igh pa s 3
5 500 °C ) sulfate (possiic) comparatively stabie with possible SO, + ;) not determined) + SO,y
= 500 - !
i g ! z Conversion to Fe{lll)-oxide t
: 400 °C 1 i CEORTICRN Only i Fel) was intaly present  Oxidation snd conversion to sl m)em of ...p Felliioside-besing
400 ¢ 1 ' species (possible)® or formed locally; may persist ferric (oxy)sulfates; weaker 50,4, (principally SO,, with g phases + SO,
1 " : at lower T persistence possible SO, + 0,)
4 250°C !
ol o 1 Al sulfate Retativel: saile Hysrolysis and ba: fate Decomposition to alumina-bearing Possible ALO; or other
! ! ! (AL{S0,)yxH,0 & me’ 9 formation; prog phases; release of SO, ~---p  Al-bearing oxides /
100 | and related) ol oo decomposition (principally SO} oxysulfates + SO,
25°C A B I - .
3 Possible residual
0 - Comparati i MgSO, remains largely undecomposed ‘eeepp Mg-sulfate-bearing
1 2 3 4 5 6 Hold up to ~700 *C in air under these conditions ! phase (identity
Nominal calcination sequence SR S s S s e s S e ek e 3 A e o e S not determined)
(not to time scale) CuO-bearing sites may react with | CuSO, (or related copper | At bigher T o loer SO ) Possible CuO-bearing
== N Cu sulfate / SO, toform Cu-sulfateor | suifate/oxysulfate species) | 4 \ ...y Or mixed Cu-containing
Each set point is held for 1 h. | Cu(ll) species copper oxysulfate speces | may be stable In an appropriate : potential, Cu-sulfate species . > s + SOyg;
Heating-ramp time is additional and not precisely controlied. | at lower 1o Intermediate T 1 SO, potential wi \ decompose J c: ma‘”; partition to
\ Product cooled to room temperature in air. }/ e e T e e S S SE TS AN b s Lk J other phases /
- 4 S > ~
( Legend (line and arrow types) Key transformation o Sulfate stability g lly with i i and d ing SO, partial pressure (pSO,).
‘ = Qualitative persistence ragion logic (qualitative) . :uollate decomposition forms oxide- ;:r oxysulfate-bearing solids and releases SO, (principally SO5, with possible
& " » + 0, depending on conditions).
————=Q / region 2+ 0,
> g 3 » = j:h * Released SO, or local sulfate exchange may sulfate neighboring reactive oxide sites, including CuO-bearing areas. |
...... =t pr pathway == 4
A J
Note: This diagram is a qualitative, literats pported interp aligned with the experimental program
* Included only if Fe(11) was initially present in the ore or generated locally. Intermediate phases and gas evolution wera not measured (no XRD, TG-DSC, or gas analysis);
No analytical confirmation of Fe(l]) was reported in this study. therefore, all phase and gas p: ys are hyp not experit ly i products.

Figure 2. Schematic staged calcination profile and qualitative relative thermal behavior of Fe:(SO4)s, FeSOs-derived
intermediates, Al2(SO4)3, and MgSO4 under oxidizing conditions.

Source: Authors’ conceptual synthesis based on operating records and the thermal, kinetic, and thermodynamic literature cited in
Sections 1.2—1.4 and 3.3-3.7.

The figure should show that ferric sulfate is expected to decompose within the upper calcination interval, that Al sulfate
exhibits intermediate behavior, and that MgSOa remains relatively persistent at 700 °C. It should also show that insufficiently
oxidizing conditions can preserve Fe(Il)-sulfate or oxysulfate intermediates, thereby weakening Fe rejection.

2.8. Scope and statistical treatment

The six sulfation—calcination—leaching tests represented distinct operating conditions and were not independent
experimental replicates. Each test was therefore treated as an observational unit (n = 6), and the statistical treatment was restricted
to descriptive summaries, mass-balance consistency, and assessment of response robustness across the evaluated operating window.
No estimate of analytical repeatability or experimental reproducibility was derived from variation among the six tests.

For each reconciled element-transfer variable, the arithmetic mean and sample standard deviation were calculated as
supplementary descriptors of cross-condition dispersion:
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1 n
% =sz]. (16)
j=1
n _ /2
s = —Zf=1(x’ % (17)

n—1

where x;is the reconciled transfer measured under operating condition j, X is the arithmetic mean, s is the sample standard
deviation, and nis the number of distinct operating conditions. These statistics describe variation across the tested conditions and
must not be interpreted as estimates of experimental uncertainty.

Because Fe transfer values were small, positively skewed, and influenced by the single highest-transfer condition, Fe
suppression was evaluated primarily using the median, observed range, maximum Fe transfer, and corresponding minimum Fe
suppression. Across the six distinct operating conditions, the median reconciled Fe transfer was 0.130%, with an observed range of
0.026-0.340%. The maximum observed transfer therefore provides a conservative demonstration that reconciled Fe transfer
remained below 0.35% throughout the evaluated operating window. Equivalently, the minimum observed Fe suppression was
99.660%.

The calculated Fe-associated stoichiometric H.SO4 equivalents were summarized using the median, observed range,
arithmetic mean, and standard deviation. These values represent calculated reagent-equivalent liabilities associated with the
measured Fe partitioning, rather than direct measurements of acid consumption or reagent savings.

Results reported below the analytical limit of quantification for minor elements were treated as censored observations. No
arbitrary midpoint, zero value, or quantification-limit substitution was introduced into the central Fe analysis.

No analysis of variance, t-test, regression significance test, confidence interval for treatment effects, or p-value was
calculated. Sulfation-acid addition, calcination mass loss, final pH, oxidation—reduction potential, and sulfurous-acid addition varied
simultaneously and were not arranged in an orthogonal experimental design. Consequently, differences among tests are interpreted
as operational associations and as evidence supporting mechanistic hypotheses, rather than as statistically demonstrated causal
effects.

Duplicated acid-soluble Cu assays available in the project archive were not included in the statistical treatment because Cu
extraction was not the primary performance criterion for this study. The principal statistical endpoint was the robustness of low
reconciled Fe transfer across the six evaluated operating conditions.

3. RESULTS AND DISCUSSION
3.1. The Fe-rich feed defines the correct performance criterion

The homogenized process feed contained 19.6 wt.% Fe and 1.05 wt.% Cu, corresponding to approximately 196 kg Fe and
10.5 kg Cu per tonne of dry ore. On a stoichiometric basis, complete conversion and dissolution of the feed Fe as Fe(IlI) sulfate
would require approximately 516.34 kg H.SOu/t ore, according to:

Fe,0; + 3H,S0, — Fe,(S50,); + 3H,0 (18)
By comparison, complete conversion of the feed Cu to CuSO4 would require approximately 16.21 kg H>SO4/t ore:
CuO + H,S0, — CuSO, + H,0 (19)

The ratio between the maximum theoretical Fe-related acid liability and the stoichiometric acid requirement associated with
complete Cu sulfation was calculated as:

Rpe100 51634

Reuioo 1621
Thus, the maximum theoretical Fe-related acid liability was approximately 32 times greater than the stoichiometric requirement
associated with all Cu in the feed. This comparison does not imply that all Fe would dissolve during conventional atmospheric
leaching. Rather, it defines the upper-bound acid burden associated with the large ferruginous inventory and demonstrates why net
Fe transfer, rather than Cu extraction alone, is the appropriate primary performance criterion for the investigated route.

~ 31.85 (20)
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The representative mineralogical dataset for the oxidized-ore group supports this process rationale. Fe oxyhydroxides
averaged 28.27 wt.%, while biotite and chlorite together averaged 40.61 wt.%. These modal values provide mineralogical context
for the process feed but should not be interpreted as a direct modal analysis of the exact homogenized blend used in the six tests. Fe
oxyhydroxides constitute the principal potential Fe-reactive reservoir, whereas biotite and chlorite are important potential sources
of Mg and Al during acid treatment.

Direct atmospheric acid attack on this assemblage could therefore mobilize substantial quantities of Fe and other gangue-
derived elements. The intended function of the sulfation—calcination—controlled-leaching sequence was not simply to increase acid
strength or maximize overall mineral dissolution, but to exploit differences in sulfate formation, thermal stability, decomposition,
and subsequent aqueous behavior. Accordingly, process effectiveness was assessed primarily by the ability to maintain a negligible
Fe inventory in the final aqueous products while other acid-reactive elements remained measurably transferable.

3.2. Reconciled element transfer demonstrates selective Fe suppression

Table 4 compares the reconciled net transfers of Cu and gangue elements, highlighting the separation between Fe and other
reactive elements.
Table 4. Reconciled net transfer of the principal elements to the combined liquor and wash solution.

Test Cu (%) Al (%) Fe (%) Mg (%) Mn (%) Si (%)
1 11.93 6.95 0.026 6.39 38.14 0.41
2 13.43 8.85 0.340 13.13 55.36 0.40
3 19.05 15.18 0.230 17.07 56.09 0.52
4 18.10 14.34 0.160 21.92 58.92 0.49
5 21.20 15.72 0.100 2435 59.98 0.47
6 23.12 16.28 0.050 29.78 57.65 0.41

Authors’ calculations based on feed, liquor, wash-water, and final-residue inventories. Values are screening-level reconciled product
partitions, not statistically validated recoveries.

Fe transfer ranged from 0.026% to 0.340% across the six tests, corresponding to 99.660-99.974% Fe suppression. This
result persisted over a tenfold range of sulfation-acid addition. By contrast, Mg transfer rose from 6.39% to 29.78%, Al reached
16.28%, and Mn remained between 38.14% and 59.98%. Consequently, the low Fe transfer cannot be explained by a general failure
of leaching or by universal sulfate decomposition. It reflects element-specific chemistry.

The contrast should be shown in Figure 3 using a logarithmic or broken ordinate for Fe, or a secondary inset, because Fe
transfer is two to three orders of magnitude lower than the responses for Mg, Mn, and Al
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Figure 3. Reconciled net transfer of Fe, Al, Mg, and Mn as a function of sulfuric acid added during sulfation. Source:
Authors’ calculations based on the reconciled liquor, wash-water, and final-residue inventories summarized in Table 4.

The figure should make the central experimental result immediately clear: Fe remained below 0.35% throughout the matrix,
whereas Mg and Al increased, and Mn remained high. This differential response is the primary evidence for selective Fe suppression.

3.3. Ferric-sulfate formation and decomposition provide the primary thermal barrier

The most plausible thermal sequence begins with the reaction of accessible Fe oxyhydroxide and oxide sites with sulfuric
acid, as described in Equations (5) and (6). Low-temperature sulfation studies of iron oxides show that Fe reactivity depends on
crystallinity, surface hydroxylation, acid concentration, and water activity (Gontijo et al., 2020). Basic ferric sulfate and related
Fe(III) sulfate phases may also form as intermediate products (Ventruti et al., 2020).

As temperature increases, ferric sulfate becomes unstable and is converted to Fe.Os while sulfur oxides are released. The
present furnace endpoint of approximately 700 °C lies in a region where extensive decomposition is thermodynamically and
kinetically plausible. Broader sulfate-roasting studies have repeatedly linked selective leaching to conversion of soluble Fe sulfates
into less soluble Fe oxides during roasting or hematitization (Kart et al., 2021; Sun et al., 2026; Teixeira, 2020; Zhao et al., 2024).

The very low final Fe transfer is consistent with this transformation. Fe may transiently accept sulfate during the acid-
mixing stage and then release sulfur oxides during calcination without remaining in the aqueous product. This role differs

fundamentally from a simple inert-gangue model: Fe can participate in sulfur redistribution while being ultimately rejected as an
oxide.

3.4. Internal sulfate redistribution may activate neighboring Cu-bearing sites

Equation (9) represents gas-solid sulfation by SOs, while Equation (10) represents a limiting direct exchange between ferric
sulfate and a CuO-equivalent site. Experimental use of iron sulfates as sulfating agents, thermodynamic simulations with Fe(III)
sulfate, and selective roasting of Cu-bearing feeds support the plausibility of sulfate redistribution from Fe-bearing phases to
valuable-metal sites (Grudinsky et al., 2021; Souza et al., 2022; Wan et al., 2020).

For the present ore, CuO(eq) should be understood as an accessible Cu-O coordination environment in an oxide,
oxyhydroxide, Mn oxide, biotite, chlorite, or partially dehydroxylated reaction product. Heating can remove structural water, disrupt
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phyllosilicate layers, and create reactive surfaces. Similar phase-specific behavior has been observed in laterites, serpentines, slags,
and mattes, where the mineral host determines whether the sulfate product remains soluble after roasting (Hariyanto et al., 2023a;
Ribeiro et al., 2021; Sun et al., 2020; Xiao et al., 2021).

The measured Cu transfer of 11.93-23.12% indicates that sulfate redistribution, if it occurred, was incomplete. Possible
causes include limited physical contact, encapsulation, refractory Cu in silicate structures, decomposition of Cu sulfate at the highest
local temperatures, or reprecipitation during leaching. Because Cu optimization is outside the scope of this paper, these possibilities
are used only to constrain the Fe-suppression mechanism.

3.5. An oxidizing furnace atmosphere is a necessary process condition

Equation (8) illustrates why oxygen availability is essential. FeSOas-derived intermediates must be oxidized toward Fe(III)
oxide if the process is to avoid persistence of comparatively stable Fe(I)-sulfate or oxysulfate phases. High-temperature studies of
melanterite, global kinetic analysis of FeSO4+ decomposition, and oxidation studies of sulfide and sulfate-bearing materials show
that the reaction sequence is strongly gas-dependent (Lacalamita et al., 2021; Klyushnikov et al., 2021, 2023; Rego et al., 2024).

In an oxidizing atmosphere, Fe(II) generated locally by mineral reactions or partial sulfate reduction can be driven toward
Fe(III) oxide while sulfur is released as SO2/SOs. In oxygen-deficient regions, Fe(II)-bearing intermediates may persist, delay sulfur
release, or dissolve during the subsequent leach. Therefore, scale-up should use controlled air or oxygen flow, shallow beds or
effective solids mixing, and off-gas monitoring rather than relying on nominally oxidative furnace conditions.

Thermodynamic and experimental roasting studies of multimetal feeds further indicate that oxygen and sulfur potentials
jointly control the stability fields of Fe, Cu, Co, and Ni sulfates and oxides (Sun et al., 2026; Urtnasan et al., 2024; Wan et al., 2021;
Zhang et al., 2026). The present results are consistent with an oxidizing route, but the original records do not provide direct gas-
composition evidence.

3.6. pH-controlled leaching provides a second Fe-rejection barrier

Calcination alone does not guarantee a low-Fe liquor because residual ferric sulfate, amorphous Fe phases, or newly formed
high-surface-area Fe.Os can still dissolve. The subsequent leach was operated at approximately 90 °C, with final PLS pH values of
2.33-2.77. Under these conditions, Fe(Ill) hydrolysis and precipitation can limit net Fe accumulation even if some transient
dissolution occurs.

The broader iron-removal literature shows that goethite, hematite, jarosite, basic ferric sulfate, and poorly crystalline Fe(III)
products form over overlapping pH-temperature-redox windows (Buriti et al., 2024, 2025; Cruells & Roca, 2022; da Silva et al.,
2022; Das & Li, 2023; Deng et al., 2020; Febriana et al., 2026). These studies do not identify the specific Fe product in the present
residues, but they support the premise that controlled pH can provide an aqueous rejection barrier after the thermal stage.

The combined route is therefore more robust than either stage alone. Calcination reduces the inventory of soluble Fe sulfate
and regenerates Fe oxide; controlled-pH leaching limits renewed oxide attack and promotes hydrolysis of any Fe(Ill) entering
solution. The measured Fe transfer is the net result of both barriers.

3.7. Quantified Fe suppression and acid-liability reduction

Table 5 converts the measured Fe transfer into the corresponding stoichiometric H2SOa liability. The calculation expresses
the process benefit in reagent-equivalent terms, avoiding market prices or a full economic model.
Table 5. Fe suppression and theoretical Fe-related sulfuric-acid liability.

Test | Net Fe transfer (%) | Fe suppression (%) | Fe-associated H.SO. (kg/t) | Potential avoided Fe acid liability (kg/t)

1 0.026 99.974 0.134 516.206

2 0.340 99.660 1.756 514.584

3 0.230 99.770 1.188 515.152

4 0.160 99.840 0.826 515.514

5 0.100 99.900 0.516 515.824

6 0.050 99.950 0.258 516.082

Mean | 0.151 99.849 0.780 515.560
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Authors’ calculations. The complete-ferric-dissolution reference is 516.34 kg H>SOa per ton of ore. “Potential avoided” is a
stoichiometric upper bound, not a measured saving relative to direct atmospheric leaching.

The measured Fe transfer was only 0.13—1.76 kg H>SO4/t ore, with a mean of approximately 0.78 kg/t. Relative to complete
ferric dissolution, the theoretical avoided Fe-related acid liability was 514.58-516.21 kg/t. This magnitude demonstrates why Fe
suppression can dominate acid-use efficiency in a 19.6 wt.% Fe ore.

This upper-bound comparison must not be interpreted as an experimentally demonstrated saving of approximately 516 kg/t
relative to conventional leaching. Direct atmospheric leaching would not necessarily dissolve all Fe, and the actual comparison
depends on temperature, pH, acid activity, mineralogy, and residence time. A matched direct-leach control is needed to quantify the
actual reduction in acid consumption. Nevertheless, the calculation rigorously shows that the measured final Fe inventory carried
only a negligible fraction of the feed’s maximum ferric-acid liability.

Figure 4 compares the complete-ferric-dissolution reference with the calculated Fe-associated stoichiometric acid
equivalents for the six operating conditions. A logarithmic main panel and an expanded linear inset are used to preserve visibility
of the low test values.

(a) Logarithmic scale (b) Expanded linear scale for tests (inset)
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Figure 4. Theoretical Fe-related H.SOx liability for complete ferric dissolution, compared with liabilities associated with
measured Fe transfer across the six tests.

Source: Authors’ calculations based on the feed Fe content, Fe(Ill)-sulfate stoichiometry, and reconciled Fe transfers reported in
Table 5.

The logarithmic comparison shows that the calculated Fe-associated acid equivalents were 2.47-3.60 orders of magnitude
below the complete-ferric-dissolution reference. These values are theoretical stoichiometric equivalents and must not be interpreted
as measured acid consumption or actual reagent savings.

3.8. Mg was not suppressed because MgSO. behaved as a stable sulfate sink

Mg transfer increased from 6.39% to 29.78% as sulfation-acid addition increased. This response is consistent with
progressive attack on reactive Mg-bearing sites in biotite and chlorite and with the formation of soluble MgSO.. Unlike ferric sulfate,
MgSO. is comparatively persistent under the applied calcination conditions. Magnesium extraction and sulfate-crystallization
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studies demonstrate that Mg tends to remain associated with sulfate once mobilized (Peng et al., 2021; Reddy et al., 2020; Wanderley
et al., 2020; Yang et al., 2022).

Equation (11) is therefore thermodynamically plausible as a sulfate-transfer endpoint but not as a beneficial donor cycle.
Ferric sulfate or SO; may sulfate an Mg-bearing oxide-equivalent site, after which MgSOas retains the sulfate through calcination
and dissolves during leaching. In this sense, Mg acts as a sulfate sink. The process suppresses Fe but not Mg because the sulfate
stability ordering differs. Reviews of mineral-based Mg extraction and studies of serpentinite-acid interaction support this
interpretation (Taheri & Larachi, 2025; Yeskibayeva et al., 2024).

3.9. Min was not suppressed because its aqueous response was redox-sensitive

Mn transfer remained high at 38.14-59.98%, despite the low modal abundance of Mn oxides. Sulfurous acid was added in
Tests 1-5, and Equation (13) represents a simplified reductive dissolution pathway by which Mn(IV) oxide can be converted to
soluble Mn(II) sulfate. Variations in ORP and reductant addition therefore confound any attempt to attribute Mn transfer solely to
the sulfation or calcination stage.

The high Mn response provides valuable mechanistic evidence: the route did not generally passivate all oxides. Fe
suppression arose from Fe-specific sulfate decomposition and aqueous hydrolysis chemistry, whereas Mn remained susceptible to
redox-assisted dissolution. Future experiments should hold ORP and the addition of sulfurous acid constant if Mn behavior is to be
modeled independently.

3.10. Al showed intermediate sulfate behavior

Al transfer increased from 6.95% to 16.28%, with most of the increase occurring by Test 3 and a plateau near 14-16%
thereafter. Complete sulfation and dissolution of the feed Al would require approximately 292.8 kg H2SO4/t ore, so even moderate
Al transfer can impose a significant acid burden.

The Al response is consistent with an intermediate thermal window. Aluminum sulfate and alum-type phases dehydrate
and decompose over broad temperature ranges that depend on structure, atmosphere, and heating rate (Rego et al., 2021; Zheng et
al., 2020). Thermal activation of alunite and ammonium-sulfate roasting of Al-rich feeds further indicate that Al and sulfur can
partition differently depending on the phase assemblage and temperature history (Chen et al., 2026; Xu et al., 2022).

Equation (12) therefore represents a plausible but incomplete sulfate-transfer pathway. Some Al-bearing sites may accept
sulfate from ferric sulfate or SOs; some Al sulfate may decompose during the upper calcination interval; and refractory Al may
remain in biotite, chlorite, garnet, kaolinite, or other aluminosilicates. The observed plateau may reflect exhaustion of the most
reactive Al sites, counterbalanced by decomposition or retention of less reactive Al phases. Stage-resolved mineralogy and sulfur
analysis are required to distinguish among these possibilities.

3.11. Metal-associated sulfate demand confirms that Fe was decoupled from the liquor

Table 6 allocates stoichiometric H>SO4 equivalents associated with the measured transfers of Cu, Al, Fe, Mg, and Mn. This
is not an operating acid-consumption balance; it is a product-based allocation of sulfate equivalents.
Table 6. Stoichiometric H>SO. equivalents associated with measured metal transfer.

Test Cu Al Fe Mg Mn Total
1 1.93 20.35 0.13 3.79 3.57 29.77
2 2.18 25.91 1.76 7.79 5.18 42.81
3 3.09 44.45 1.19 10.13 5.24 64.09
4 2.93 41.99 0.83 13.00 5.51 64.26
5 3.44 46.03 0.52 14.44 5.61 70.03
6 3.75 47.67 0.26 17.67 5.39 74.73

Authors’ calculations. Values are in kg H.SO4 per t of dry ore and are based on sulfate stoichiometry for Cu(Il), AI(III), Fe(III),
Mg(II), and Mn(II).
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Fe contributed only a negligible fraction of the measured metal-associated sulfate demand. Al dominated, Mg increased
with acid addition, and Mn remained significant. The general sequence was Al >> Mg > Mn > Cu > Fe. This ordering confirms that
the process decoupled the large Fe inventory from the final liquor but did not eliminate sulfate consumption by other reactive phases.

The difference between applied acid and product-based sulfate equivalents includes free acid, sulfate retained in the residue,
unmeasured minor elements, protonation or partial dissolution of silicates, sulfur-oxide losses, precipitation-redissolution cycles,
and analytical uncertainty. A complete sulfur balance would be required to close the reagent inventory.

3.12. Integrated mechanism of Fe suppression

The combined evidence supports a two-barrier Fe-suppression mechanism within a three-stage process. During sulfation,
accessible Fe oxyhydroxide and oxide sites can form Fe(III) sulfate or basic ferric sulfate. During oxidative calcination, Fe sulfate
decomposes, regenerating Fe.Os and releasing SOs/SO.. Sulfur oxides or direct local exchange may sulfate nearby reactive Cu-,
Mg-, or Al-bearing oxide-equivalent sites. During pH-controlled leaching, soluble sulfates dissolve, regenerated Fe.Os remains
poorly soluble, and any Fe(III) entering solution is susceptible to hydrolysis or precipitation.

The proposed mechanism is consistent with the measured elemental partitioning and with the literature on iron sulfate
reactivity, sulfate roasting, Fe precipitation, and sulfate stability. It is also consistent with the observation that Mg and Mn were not
suppressed: Mg retained sulfate as stable MgSO., whereas Mn remained responsive to redox-assisted leaching. Al occupied an
intermediate position.

The integrated working mechanism should be summarized in Figure 5. The drawing must clearly label the mechanism as
a hypothesis constrained by mass balances and published chemistry, rather than as a directly observed phase sequence.

( & Working hypothesis c;str;ned by mass balances and published chemistry — not a directly observed phase sequence.J

1. Sulfuric-acid sulfation 2. Oxidative calcination 3. pH-controlled atmospheric leaching
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Figure 5: illustrates the proposed mechanism for Fe suppression during sulfuric-acid sulfation, oxidative calcination, and
pH-controlled leaching. Ferric sulfate breaks down into Fe:Os and sulfur oxides; SOs or local exchange may sulfate Cu-,
Mg-, or Al-sites; pH control dissolves soluble sulfates while limiting Fe transfer.

Source: Authors’ model, based on Equations (5)—(15), data, and literature.
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The mechanism should be validated using XRD, TGA-DSC, evolved-gas analysis, sulfur speciation, SEM—EDS, and
controlled-atmosphere experiments. In particular, direct evidence is required for ferric-sulfate formation, the identity of the
regenerated Fe oxide, the sulfur-oxide release interval, and any sulfate redistribution to Cu-bearing phyllosilicates or oxide phases.

3.13. Relationship to broader sulfation-roasting research

The present study differs from many sulfation-roasting investigations because its primary success criterion is not
maximizing valuable-metal extraction but suppressing a dominant impurity. Nevertheless, the findings align with broader evidence
that roasting selectivity depends on phase transformation, sulfate stability, and mineral host. Laterite studies have documented
valuable-metal losses, selective extraction windows, and the influence of MgO, SiO-, salts, and mineralogy (Hariyanto et al., 2023a,
2023b, 2024; Ribeiro et al., 2020, 2021, 2022; Zhao et al., 2024, 2025b). Studies of REE ores, bauxite residues, slags, and silicate
feeds show similar sensitivity to acid baking, roasting temperature, and reaction-rim development (Bian et al., 2020; Falah et al.,
2026; Gontijo et al., 2023; Maluleke et al., 2023; Thibault et al., 2026).

The literature also shows that alternative acid systems or coproduced Fe phases can be used to manage ferruginous feeds,
but these approaches target different process objectives (Xiao et al., 2026). The present work makes a narrower, more direct
contribution: it demonstrates that sulfation, oxidative calcination, and controlled-pH leaching can keep Fe transfer below 0.35%
even when the feed contains 19.6 wt.% Fe.

3.14. Limitations and validation priorities

The main limitation is the absence of a matched direct-leaching control. The study quantifies Fe suppression within the
combined route but cannot isolate the actual acid saving relative to conventional atmospheric leaching. A direct-leach control should
use the same ore, solids concentration, temperature, residence time, pH trajectory, and redox conditions.

The second limitation is the lack of independent replicates for the six main conditions. Future work should repeat the low-
, intermediate-, and high-acid sulfation conditions and report confidence intervals for Fe transfer and acid liability.

The third limitation is the lack of phase- and sulfur-resolved measurements. XRD, automated mineralogy, SEM—EDS, total
sulfur, sulfate sulfur, TGA-DSC, and evolved-gas analysis should be applied to the feed, sulfated material, intermediate calcines,
final calcine, and leach residue. These measurements would test the assumed ferric-sulfate pathway and quantify sulfate
redistribution.

Finally, the furnace atmosphere and leach ORP should be controlled independently. A factorial design that varies oxygen
partial pressure, calcination temperature, sulfation-acid dosage, final pH, and ORP would directly test the roles of FeSOa oxidation,
Fe2(S04)s decomposition, SOs transfer, and Fe(IIl) hydrolysis.

4. CONCLUSIONS

Across six distinct operating conditions, the integrated sulfuric-acid sulfation, oxidative calcination, and pH-controlled
atmospheric leaching route maintained a reconciled Fe transfer between 0.026% and 0.340% from an oxidized copper ore containing
19.6 wt.% Fe. This corresponds to Fe suppression of approximately 99.66—99.97%. The response was selective because Mg, Mn,
and Al exhibited substantially greater aqueous transfer, demonstrating that the low Fe transfer did not result from a general inhibition
of mineral dissolution.

The measured Fe transfers corresponded to calculated stoichiometric acid equivalents of only 0.13—1.76 kg H2SO./t ore.
By comparison, hypothetical complete conversion and dissolution of the feed Fe as Fe(Ill) sulfate would require approximately
516.34 kg H2SO4/t ore. This difference quantifies the upper-bound Fe-related acid liability avoided by retaining Fe outside the final
aqueous products. It does not represent an experimentally measured reagent saving, because a matched direct-leaching control was
not included.

The observed behavior is consistent with initial formation of ferric sulfate, basic ferric sulfate, or related Fe-bearing sulfate
intermediates during sulfation, followed by their thermal destabilization and conversion to poorly soluble Fe(Ill)-oxide-bearing
phases during calcination. Sulfur oxides released during this transformation, particularly SOs, may have promoted the sulfation of
neighboring reactive metal-oxygen sites, including sites generated by dehydroxylation or partial structural disruption of Cu-bearing
biotite, chlorite, Mn oxides, or other phases. An oxidizing furnace atmosphere is expected to favor Fe(Ill)-oxide formation and
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reduce the persistence of Fe(Il)-sulfate or oxysulfate intermediates, although the furnace gas composition and intermediate phases
were not measured directly.

Leaching at approximately 90 °C and final pH values of 2.33-2.77 was consistent with an additional aqueous Fe-rejection
barrier by limiting renewed attack on Fe-rich solids and favoring hydrolysis or reprecipitation of any Fe(III) released. The individual
contributions of calcination and pH control could not, however, be isolated experimentally. Mg transfer increased to 29.78%,
consistent with MgSOs acting as a comparatively persistent sulfate sink, while Mn transfer remained between 38.14% and 59.98%
because of its redox-sensitive dissolution behavior. Al exhibited intermediate transfer of 6.95-16.28%, compatible with partial
sulfate formation, thermal decomposition, and retention in less reactive aluminosilicate phases.

The principal contribution of this study is the quantitative demonstration that a coupled sulfation—calcination—controlled-
leaching route can strongly suppress net Fe transfer from a highly ferruginous oxidized ore while other reactive elements remain
mobile. The proposed phase transformations and sulfate-redistribution pathways remain working hypotheses supported by
reconciled mass balances and established sulfate chemistry. Their confirmation requires stage-resolved mineralogy, sulfur
speciation, thermal analysis, off-gas monitoring, controlled-atmosphere calcination, and direct-leaching controls.
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