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Fluorine is increasingly recognized as a critical impurity in copper concentrates, with significant
implications for hydrometallurgical processing, smelting, and environmental management. This
review article consolidates and critically evaluates publications from 2014 to 2025, addressing the
mineralogical occurrence of fluorine-bearing phases, thermodynamic and kinetic behavior during
leaching and thermal treatment, and associated environmental impacts. Fluorite, fluoroapatite, and
fluoride-bearing silicates represent the primary mineral sources, exhibiting distinct dissolution
and volatilization characteristics. Contractual thresholds imposed by smelters typically range from
0.2 to 0.3% fluorine, requiring proactive mitigation strategies. Blending, selective leaching,
controlled calcination, and chemical precipitation are reviewed and compared with respect to
effectiveness, limitations, and environmental considerations. Future perspectives highlight the
need for standardized analytical methods, advanced process modeling, and integration of fluorine
management into circular economy frameworks. Collectively, this review provides a
comprehensive foundation for researchers and practitioners aiming to optimize fluorine control in
copper production.
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INTRODUCTION

Copper hydrometallurgy plays a pivotal role in ensuring the global
supply of refined copper by providing efficient processing routes for
low-grade ores, polymetallic concentrates, and recycled materials
(1,2). While extensive research has been devoted to the treatment of
metallurgical impurities such as arsenic, antimony, and lead (3-5), the
issue of fluorine contamination remains relatively underexplored—
particularly within hydrometallurgical circuits (6,7). Fluorine can be
present in copper ores and concentrates in a variety of mineralogical
forms, including fluorite (CaF:), fluoroapatite (Cas(PO4):F), and
fluorine-bearing phyllosilicates such as micas and amphiboles (7,13).
Although typically present in trace to minor quantities, these minerals
can have disproportionately negative impacts on process performance
(5,13,15). During acid or alkaline leaching, fluorine may be partially
or fully solubilized, increasing its concentration in pregnant leach
solutions (PLS), raffinate streams, and tailings effluents (4,13,19). In
thermochemical stages—such as concentrate drying, oxidative
roasting, or calcination—fluorine may be released as hydrogen
fluoride (HF), posing serious risks to human health, environmental
safety, and the integrity of process equipment (14). In response to
these concerns, both regulatory frameworks and commercial contracts
have increasingly imposed strict limits on fluorine content in copper
concentrates. Major smelters and refineries often enforce maximum

allowable levels in the range of 0.2 to 0.3 wt% F, above which
financial penalties or outright rejection may occur. This has driven
demand for robust detection methods, predictive modeling tools, and
practical mitigation strategies across the copper value chain
(14,19,20).

This review aims to provide a comprehensive and critical synthesis of
the scientific and technical literature published between 2014 and
2025 concerning fluorine as an impurity in copper hydrometallurgy.
Key topics addressed include:

e The mineralogical occurrence and chemical behavior of fluorine-
bearing species. (5,15)

e The thermodynamic and kinetic characteristics governing fluorine
dissolution and volatilization. (16,34)

e The environmental implications of fluorine release in aqueous and
gaseous forms. (14,43)

e Mitigation strategies, including selective leaching, blending,
calcination, and effluent treatment technologies. (27,44)

Furthermore, the review contextualizes these findings within evolving
regulatory standards and explores promising future research
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directions to reduce fluorine-related impacts in industrial copper
production (14).

Mineralogical occurrence and deportment of fluorine: The
deportment of fluorine in copper ores is controlled by both
mineralogy and degree of liberation. Its distributioncreates a dual
challenge for processingplants:

. Analytical underestimation — bulk fluorine assays and selective
flotation monitoring frequently neglect F bound in apatite,
micas, amphiboles, or in cryptic adsorption phases on clays and
sulfides. These hidden forms remain below the detection limits
of routine methods, leading to discrepancies between predicted
and observed F behavior in concentrates (15,16).

. Process-specific risks — each host expresses distinct problems,
depending on association and liberation. Fluorite often persists
in flotation and dissolves under aggressive leaching (15);
fluoroapatite releases both F~ and PO+~ in acidic solutions,
complicating SX circuits (10); phyllosilicates remain stable at
ambient conditions but generate HF at >600 °C in roasters and
smelters (27); and clays & sulfides carry cryptic F by adsorption
or inclusions, frequently overlooked in assays yet elevating F
load in concentrates (34).

To address these challenges, advanced mineralogical tools such as
SEM-EDS mapping, LA-ICP-MS, LIBS, and automated mineralogy
(QEMSCAN, MLA) are essential (4). Moreover, geometallurgical
models integrating F deportment are required to anticipate penalties,
optimize ore blending, and ensure environmental compliance. Table 1
summarizes the main fluorine-bearing phases identified in copper
ores and highlights their implications for mineral processing. Fluorite
and fluoroapatite are the most frequently reported hosts (4,15). Still,
phyllosilicates and fluorine associated with sulfides or clays also play
significant roles—often underestimated due to limitations in standard
bulk assays (4,10).

The deportment of fluorine in copper ores is strongly controlled by
mineralogy and the degree of liberation.

o Fluorite and fluoroapatite are relatively well recognized and, in
part, can be accounted for during flotation or leaching. Their
behavior is predictable, and fluorite is resistant under neutral
conditions but dissolves under aggressive acidic leaching (15).

e Phyllosilicates and cryptic fluorine in sulfides or clays, however,
pose far greater challenges. Their low solubility under normal
hydrometallurgical conditions and their poor liberation during
grinding mean they often pass undetected into concentrates. Upon
thermal treatment, these phases release HF, contributing to gas
emissions and refractory corrosion in smelters (27).This
highlights the limitations of routine bulk assays, which frequently
underestimate total F content by focusing only on fluorite.
Advanced mineralogical characterization tools, such as SEM-
EDS mapping, LA-ICP-MS, and automated mineralogy platforms
(QEMSCAN, MLA), have therefore become essential for
identifying hidden F deportment (4).

e From a process perspective, strategies such as selective flotation
reagents, ore sorting to reject F-rich domains, and thermal
pretreatments can mitigate fluorine-related penalties (19).
Importantly, geometallurgical models that integrate fluorine
mineralogy into ore blending and plant design are critical for
ensuring environmental compliance and reducing downstream
impacts.

Figure lillustrates the main fluorine-bearing phases in copper ores
according to their degree of liberation (y-axis) and mineral
association (x-axis). Four representative groups are shown: fluorite
and fluoroapatite, which are typically coarse and partly liberated
gangue phases, and phyllosilicates plus clays & sulfides, which
represent cryptic or fine-grained hosts often occurring as inclusions or
adsorption phases (2,7,11-13). This framework reinforces that the
risk of fluorine is not solely determined by head grade, but also by
how F is hosted and liberated. Fluorite and fluoroapatite are coarse,
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Figure 1. Fluorine-bearing phases in copper ores. Elaborated by
the authors

partly liberated gangue phases (2,7), whereas phyllosilicates and
clays/sulfides represent cryptic inclusions and adsorption phases
(13,25).

. Fluorite: identifiable but persistent in flotation; dissolves under
firm acidity (2,19).

. Fluoroapatite: moderately liberated; releases F-
affecting SX (7,19).

o Phyllosilicates: poorly liberated; generate HF under thermal
processing (13).

. Clays & sulfides: cryptic; elevate F burden in concentrates (25).

and PO+

Overall, fluorine management requires integrating mineralogical data
into geometallurgical strategies to predict F deportment across
beneficiation, hydrometallurgy, and pyrometallurgy (17-19). Beyond
qualitative occurrence, differences in processing-relevant features can
be contrasted using a radar diagram (Figure 2). Here, fluorite shows
the highest F content and detectability by ore sorting, though it is
chemically inert under mild leaching. Fluoroapatite exhibits high acid
solubility but moderate F content, complicating SX by releasing
phosphate. Phyllosilicates and F-bearing sulfides are the most
problematic: although often underreported, they are associated with
copper-bearing phases and have the potential to release HF during
roasting or smelting, posing both environmental and metallurgical
risks (19-21).

Solubility in Acid Fluorite
Fluoroapaptite
Phyllosilicates
— F-in-Sulfid
HF Release at High T in-Sulfides
\ F content (%)

Association with Sulfides

Detection by Ore Sorting
Source: adapted from (26-31)

Figure 2. Comparative radar plot of fluorine-bearing minerals

The behavior of fluoride in aqueous systems is strongly dependent on
pH, ionic strength, and temperature. Speciation diagrams typically
show fluoride as free F~ at alkaline conditions. In contrast, in acidic
media, it forms HF and HF>~ complexes, with the stability domains
shifting with activity coefficients and solution composition. (31,26).
To move beyond qualitative descriptions, thermodynamic modeling
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tools provide quantitative insight into fluoride speciation and phase
equilibria. Programs such as PHREEQC enable the simulation of
aqueous complexation, mineral solubility, and adsorption processes,
making it widely applied in the geochemical modeling of fluoride in
mine effluents and groundwater systems (67). On the metallurgical
side, HSC Chemistry (69)enables multi-phase equilibrium
calculations across gas—liquid—solid systems, which are particularly
relevant for predicting fluoride volatilization and HF release during
roasting and smelting operations (35). Critical perspective:
Integrating these modeling platforms into fluorine studies enhances
predictive capacity by coupling mineralogical occurrence with
aqueous chemistry. This combined approach supports both
environmental monitoring (e.g., tailings seepage) and process
optimization (e.g., slag chemistry, off-gas control).

Thermodynamic behavior and leaching of fluorine: The
mobilization of fluorine in copper processing is strongly controlled by
thermodynamic conditions, particularly pH, temperature, and redox
environment. Under most operational regimes, fluorine remains
relatively immobile; however, extreme acid conditions and high-
temperature processing can lead to significant release, either as
dissolved species in pregnant leach solutions (PLS) or as volatile HF
in roasters and smelters. (23-28). Table 2. Summarizes key fluorine-
related reactions and behaviors under different processing conditions
commonly encountered in copper metallurgy. It links the
thermodynamic environment to the fate of fluorine, outlining both
chemical transformations and practical process implications. This
overview demonstrates that substantial fluorine mobilization occurs
only under extreme acid-leaching or thermal-processing conditions.
In hydrometallurgy, fluoroapatite is moderately reactive in strong
sulfuric acid, releasing fluoride and phosphate, while fluorite remains
largely unreactive unless exposed to very low pH and high
temperature (23,76). In alkaline or mixed leaching systems,
phyllosilicates exhibit very slow dissolution, but their contribution
becomes relevant in long-term heap or in-situ leaching (26). In
aqueous circuits, fluoride speciation is highly sensitive to pH: HF
dominates under acidic conditions (pH < 2), free F is stable in near-
neutral systems, and metal-fluoride complexes prevail in alkaline
solutions (31,26). This directly affects solvent extraction efficiency
and effluent treatment strategies, as fluoride can interfere with phase
separation and must be removed by precipitation or ion exchange.
During pyrometallurgy, the decomposition of fluorite and
phyllosilicates above 700-800 °C produces HF, leading to corrosion
of furnace linings and gas ducts, and necessitating efficient scrubbing
systems (23,58-60). Finally, thermodynamic modeling tools—
notably PHREEQC, HSC Chemistry, and FactSage—are
indispensable for predicting fluoride solubility, speciation, and
volatilization. Their use enables proactive process design and helps
ensure both metallurgical performance and environmental compliance
(28,35,37). Figure 3 shows qualitative comparison of fluorine release
from major F-bearing minerals (fluorite, fluoroapatite, biotite,
muscovite) under acidic leaching, alkaline leaching, and high-
temperature processing (>700 °C). Fluorite is highly resistant to
leaching but susceptible to thermal volatilization, while
phyllosilicates tend to release F mainly during heating.

Acid Leaching
Alkaline Leaching

3.0
mmm Thermal (>700°C)
2.5
2.0
15
1.0
0.5
0.0

Fluorite Fluoroapatite Biotite Muscovite
Fluorine-bearing Mineral

Fluorine Release Tendency (1 = Low, 2 = Moderate, 3 = High)

Figure 3.Relative solubility of fluorine-bearing minerals under
different conditions. Source: Elaborated by the authors

The comparative solubility profile highlights the contrasting
behaviors of fluorine-bearing minerals under different processing
conditions.

Fluorite (CaF:): Exhibits high thermal volatility, releasing HF at
elevated temperatures (>700 °C), which represents a significant risk
during drying, roasting, and smelting operations. However, under acid
or alkaline leaching, fluorite remains stable mainly, requiring extreme
acidity (pH < 1) and high temperature (>80 °C) for significant
dissolution (23-25).

Fluoroapatite: Shows moderate solubility in acidic environments,
especially in sulfuric acid, releasing both fluoride (F~) and phosphate
(PO+*") ions. This behavior makes fluoroapatite a key contributor to
fluoride accumulation in hydrometallurgical circuits and a challenge
for solvent extraction (SX) systems (24,38-41).

Phyllosilicates (biotite, muscovite): These minerals are highly
resistant to aqueous leaching, displaying negligible fluoride release in
both acidic and alkaline systems. However, they undergo thermal
decomposition above 700 °C, generating HF gas and posing
environmental and corrosion risks to equipment in pyrometallurgical
steps (23,36).

Implications: The distinct dissolution behaviors underscore the need
for mineralogical characterization to predict fluorine deportment. In
hydrometallurgy, monitoring fluoroapatite content is essential to
control fluoride build-up in process solutions, while in
pyrometallurgy, special attention must be given to phyllosilicates and
fluorite due to HF emissions. These insights support targeted
mitigation strategies, such as blending ores, optimizing roasting
atmospheres, and incorporating advanced gas scrubbing technologies
(26,38,59). Figure 4 illustrates the predominance of fluoride species
as a function of pH. At pH below 2, hydrogen fluoride (HF) is the
dominant species in solution. In the intermediate pH range (3—7), free
fluoride ions (F~) are prevalent. Above pH 7, the formation of stable
complexes such as (AlFe)*~ and (FeFs)*~ becomes significant in the
presence of trivalent metal cations.

0.8

HF (aq)
S—

— [AIF.]- [ [FeF.]

Fraction of Species

pH

Figure 4. Fluoride speciation diagram as a function ofpH.Source:
Adapted from (36-38,67)

The diagram illustrates the pH-dependent equilibrium of fluoride
species in hydrometallurgical systems:

Strongly acidic conditions (pH < 2):

e HF(aq) is the dominant species, indicating high volatility and
potential for gaseous emissions during leaching, drying, or
evaporation  processes. This represents a  significant
environmental and occupational safety risk, especially in open
systems or poorly ventilated operations (23,36).

Moderate acidity to near-neutral pH (pH 3-6):

Free fluoride ions (F°) are predominant. In this range, fluoride
remains dissolved, influencing solution chemistry, particularly in
solvent extraction (SX) circuits where F~ may compete with target
metal species, leading to reduced extraction efficiency and
increased maintenance requirements due to scaling and corrosion
(31,38).

e Alkaline conditions (pH > 7):
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o Fluoride forms stable metal-fluoride complexes, especially with
aluminum and iron ((AlFe)*", (FeFs)*). These complexes are
difficult to precipitate or remove, complicating effluent treatment
and recycling streams (26,38).

Implications: This behavior emphasizes the critical role of pH
control in fluoride management. Maintaining leach solutions within
controlled pH windows allows operators to minimize HF
volatilization under acidic conditions while preventing the formation
of persistent fluoride complexes under alkaline regimes. Accurate
thermodynamic modeling using tools like PHREEQC (67) or HSC
Chemistry (35) is essential for predicting speciation and guiding
operational decisions in both hydrometallurgical and environmental
management contexts. In summary, understanding fluoride speciation
is fundamental for designing effective treatment systems, optimizing
process performance, and mitigating environmental risks in copper
processing circuits (31,26). Figure 5. presents a simplified flow
diagram illustrating the major fluorine pathways across key units in
copper hydrometallurgical processing. The diagram identifies three
principal forms of fluorine: F~ in leach solutions,HF(g) in high-
temperature gas streams, andsolid CaF: in residues.Fluorine may
enter the circuit through fluorine-bearing minerals such as
fluoroapatite, fluorite, or phyllosilicates. During acid leaching,
soluble fluoride (F~) enters the pregnant leach solution (PLS). In
thermal treatment stages (e.g., concentrate drying or roasting),
fluorine may volatilize as HF gas, requiring gas treatment via
scrubbers to mitigate emissions. Under certain conditions, fluoride
can also reprecipitate as CaF2, becoming immobilized in the solid
tailings stream (35).

— )| Fluorineas F- E éT tT W HF(g) 7@ =
L hi it olution as
€aching Uni Handling Treatment

Solid Stack

CaF, HF(a)
precipitation vy
Scrubber
Thermal
Roasting

Figure 5. Simplified flow diagram of fluorine pathways in copper
hydrometallurgical Processing.Source for reactions and
pathways: based on (1,4) (acid leaching), (23) (thermal
volatilization), (38)  (fluoride  speciation), and (35)
(thermodynamic modeling)

Tailings

The flowchart illustrates the multiphase behavior of fluorine in copper
processing, showing its transitions between solid, liquid, and gaseous
forms throughout hydrometallurgical and pyrometallurgical circuits.

Leaching stage: Fluorine initially dissolves as F~ ions, primarily
from fluoroapatite, while fluorite remains largely stable unless
subjected to extreme acidity and temperature. By controlling pH and
adding calcium ions, CaF: precipitation can be promoted, fixing
fluoride in the solid phase and preventing its migration into process
solutions. (31)

Solution handling: During intermediate storage and processing steps,
dissolved fluoride may volatilize as HF gas, especially if solutions are
heated or acidified. This represents a critical transfer point between
liquid and gaseous phases (52-54).

Thermal roasting: In roasting or smelting operations, phyllosilicates
and residual fluorite decompose, releasing HF at temperatures above
700-800 °C. This HF becomes a major contaminant in processoff-
gases, contributing to ductwork corrosion and environmental
emissions (23).

Gas treatment: The diagram highlights the role of scrubbers and gas
cleaning systems as essential mitigation steps. Without effective gas

treatment, HF emissions would exceed environmental limits and
present safety hazards for workers (36).

Key implications: This integrated view demonstrates why single-
stage mitigation measures, such as leach pH control alone, are
insufficient. Effective fluorine management requires a systems
approach involving (23,36,38):

Scrubber installation for HF gas capture and neutralization.
pH and calcium control to optimize CaF- precipitation and reduce
fluoride solubilization in PLS.

e Leach residence time and temperature optimization to minimize
unwanted dissolution of fluorine-bearing phases.

Understanding these dynamic pathways is essential to maintaining
solvent extraction performance, preventing scaling and corrosion in
downstream circuits, and ensuring compliance with environmental
regulations (38).

Industrial specifications and fluorine limits in copper
concentrates: The commercial viability of copper concentrates is
strongly dependent on their impurity profile, which directly
influences smelter acceptance criteria and downstream environmental
compliance. Among the most critical impurities, fluorine has attracted
particular attention due to its corrosive behavior during smelting and
its tendency to volatilize into hazardous compounds, such as
hydrogen fluoride (HF) (23). When released, HF can cause severe
damage to refractory linings, corrode gas-handling systems, and
generate hazardous emissions that require advanced scrubbing
systems (36). As a result, smelters and refineries worldwide impose
strict contractual limits on fluorine content in purchased concentrates,
both to protect equipment integrity and to comply with environmental
regulations (59).

Smelter acceptance thresholds: Most copper smelters apply
penalties or outright rejection for concentrates exceeding 0.2—0.3 wt%
F, with the exact threshold depending on the smelting technology
(e.g., flash smelting, bath smelting) and local emission control
policies (59).

. Chinese and Japanese smelters, particularly those operating
under oxygen-enriched conditions or located near urban zones,
often enforce stricter limits, sometimes as low as 0.1 wt% F, to
maintain compliance with stringent air quality regulations (75).

. Some modern smelters equipped with advanced gas cleaning
systems may tolerate slightly higher F levels (up to 0.35 wt%)
but apply steep financial penalties to compensate for the
increased operating costs and environmental risks (46).

These specifications reflect not only technical limitations but also
economic considerations, since excessive fluorine leads to higher
consumption of neutralizing reagents (e.g., lime for CaF:
precipitation) and increased maintenance of scrubber units and heat
exchangers (38,59).

Critical perspective

Fluorine concentration control is no longer just a quality parameter
but a strategic factor in global copper supply chains.

e For producers, meeting low F thresholds requires selective
mining, ore blending, and sometimes pre-flotation or thermal
pretreatment to remove high-fluorine gangue minerals before
shipment (56,69,74).

e For smelters, tight F specifications are crucial to prevent process
disruptions, emissions violations, and corrosion failures, which
can lead to unplanned shutdowns and regulatory fines (59).

The growing prevalence of stricter F limits indicates a shift toward
integrated management strategies that combine geometallurgical
modeling at the mine level with real-time monitoring of concentrate
quality at the shipping and reception stages (46,47).
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Table 1. Fluorine-bearing phases in copper ores and their process implications Source: Elaborated by the authors

Mineral / Host Occurrence in ores Reactivity / Behavior ProcessImplications

Fluorite (CaF>) Disseminated gangue; fracture Stable under mild leaching; partial May elevate fluoride in PLS; survives most
fillings; sulfide inclusions dissolution at pH < 1 and high T flotation circuits

Fluoroapatite Phosphate-rich zones; associated with ~ Moderately soluble in acid; releases Increases fluoride in solution; may interfere with

Fe oxides, carbonates

Phyllosilicates (micas,

Sedimentary ores; African/Andean

F~and PO+*"

Low solubility at ambient T; release

SX and require phosphate control

Source of HF in dryers/roasters; underreported in

amphiboles) porphyries HF at T > 600-800 °C assays focused only on fluorite
Sulfides& Clay Fine inclusions in sulfides; adsorption ~ Not liberated by standard flotation; Contributes to fluorine in the final concentrate
adsorption on smectite/kaolinite often undetected in bulk assays even when the head-grade is low
Table 2. Summary of fluorine behavior in copper processing Source: Elaborated by the authors
ProcessCondition MainFluorineReaction / Behavior ThermodynamicConditions ProcessImplications

Acid leaching (H2SO4)

Silicateleaching
(alkaline/mixed)
Speciation in solution

Thermalprocessing

Thermodynamicmodeling

Partial dissolution of fluoroapatite;
fluorite stable unless T > 80 °C and pH <

Slow release of F from phyllosilicates in
carbonate or ammoniacal systems

F~ < HF equilibrium; complexation with
A13+, Fes+, Mg2+

HEF release via decomposition of fluorite
or phyllosilicates
Solubility prediction, HF volatilization,
CaF reprecipitation

Strong acid (pH < 1); High T (> 80
°C); (H2804) > 3 mol/L

T = 70-90 °C; long residence times

pH <2: HF(aq); pH 3-5: F; pH>T7:
metal-F complexes

T > 700-800 °C; oxidizingconditions

Software: HSC, PHREEQC, FactSage

Moderate F release; fluoroapatite
contributes F~ and PO+*~ to PLS; fluorite
mostly inert

Low solubility but relevant in heap

leaching and long-term leach circuits

Direct impact on SX performance and
effluent treatment (precipitation, ion
exchange)

HF emissions cause refractory corrosion

and air-quality issues, scrubbing essential

Supports flowsheet design, impurity

tracking, and environmental compliance

Table 3. Maximum allowable fluorine content in copper concentrates by smelter and country. Source:
Elaborated by the authors based on global smelter specifications

Smelter / Country MaximumFluorineContent (wt%) Remarks

Chuquicamata / Chile 0.25 Penaltyappliedabove 0.20 wt% (48)

Kansanshi / Zambia 0.30 Accepted if gangue is easily separated during slag processing (49)
JinchuanGroup / China 0.20 Strict rejection policy due to urban location and environmental limits (45)
Aurubis / Germany 0.15 Applies environmental surcharge for F above 0.12 wt% (50)

PT Smelting / Indonesia  0.30 Requires declaration and control plan for F-bearing ores (51)

Horne Smelter / Canada ~ 0.25 Equipped with internal HF abatement and monitoring system (52)

Table 4. Illustrative penalty structure for fluorine in copper concentrates. Adapted from Hoang et al. (2021),
Chen et al. (2020), and Wang et al. (2023)

Fluorine grade in concentrate
(wWt%o)

Penalty band

Penaltyformula (USD/dmt)

Examplesurcharge (USD/dmt)*

Commercial status

F<0.20
0.201 - 0.250

0.251-0.300

F>0.300

No-penalty range

Band 1 —
moderate F
Band 2 — high F

Band 3 — very
high F

0

2 USD/dmt for each 0.01
wt% F above 0.20

Penalty from Band 1 +4
USD/dmt for each 0.01 wt%
F above 0.25

Penalty from Bands 1-2 + 5
USD/dmt for each 0.01 wt%
F above 0.30

0 (c.g., F = 0.18 Wt%)

F=0.23 wt% — (0.03/0.01)x2=6
USD/dmt

F=0.28 wt% — Band 1: (0.05/0.01) x
2 =10; Band 2: (0.03/0.01) x 4 =12;
Total =22 USD/dmt

F =0.32 wt% — previous bands (F =
0.30): 30 USD/dmt; extra (0.02 /0.01) x
5 =10; Total = 40 USD/dmt

Standard TC/RC, no penalty
applied

Concentrate accepted with
minor penalty

Concentrate accepted, but
subject to significant penalty

Concentrate may be rejected
or traded only under special
agreement

Table 5. Flotation-based techniques for selective fluorine rejection in copper concentrates—source: Elaborated by the authors

Strategy Mechanism TypicalResult
Selectivedepressants Adsorption on gangue surfaces to suppress flotation | Floatabilityof fluorite/apatite
Tannins Phenolicbindingwith fluorite Upto 50% fluorinereduction
Starch/CMC Hydrogen bonding with apatite/silicate surfaces Improvedselectivity

Collectormodification

Regrinding (liberationcontrol)

Molecular tailoring to favor chalcopyrite over F-bearing gangue
Liberation of locked F-bearing phases, improving separation in cleaner stages

1 Chalcopyriterecovery, | gangue float
1 Fluorine rejection during cleaning stages
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Table 3 summarizes the maximum allowable fluorine content in
copper concentrates across selected international smelters. The data
highlight significant variability in acceptance thresholds and
mitigation policies, often driven by environmental regulations,
process design, and local emission standards.

The fluorine tolerance among global copper smelters shows
significant regional variation, directly reflecting environmental
regulations, technology levels, and market dynamics.

. Aurubis (Germany) enforces the strictest limit, at 0.15 wt%,
driven by stringent EU environmental standards and urban
location concerns (50,53).

° Kansanshi (Zambia) and PT Smelting (Indonesia) permit up to
0.30 wt%, leveraging operational flexibility and fluorine
declaration protocols that allow proactive mitigation planning
(49,51).

° Jinchuan Group (China) maintains a low threshold of 0.20 wt%,
reflecting internal rejection policies and strict government
oversight of industrial emissions (45).

. Horne Smelter (Canada) accepts up to 0.25 wt%, supported by
its integrated HF abatement system, which neutralizes gaseous
emissions before release (52).

These differences demonstrate how fluorine content directly impacts
the commercial value and marketability of copper concentrates,
influencing penalty structures, contract negotiations, and ultimately,
the global copper trade flow. For producers operating near or above
penalty thresholds, strategic measures such as ore blending, selective
mining, and pre-treatment steps are essential to maintain smelter
compliance and avoid financial penalties (56). Table 4 summarizes a
typical penalty structure for fluorine based on reported commercial
practices, market data, and smelter disclosures cited in the literature.
Although variations exist across regions and companies, most
smelters apply incremental surcharges per 0.01 wt% F above a
contractual threshold, usually set at 0.20 wt% F. The penalty rises
sharply once fluorine reaches rejection levels (0.30-0.35 wt%),
reflecting: (i) increased flux consumption in converting and slag
cleaning, (ii) higher off-gas treatment costs due to HF and F-bearing
particulates, and (iii) accelerated refractory wear in furnaces and
waste-heat boilers, as documented by Hoang et al. (2021), Chen et al.
(2020), and Wang et al. (2023).

A critical analysis of the penalty structure shows that fluorine affects
smelting economics through multiple pathways—not only by
reducing metallurgical performance but also by increasing indirect
environmental and operational expenditures. For instance,
concentrates with 0.25-0.30 wt% F may remain technically
processable but become economically unattractive because penalties
accumulate rapidly and can surpass the value of the contained copper.
This phenomenon has already been reported in several case studies
where high-F ores required blending, selective flotation, or pre-
roasting to restore marketability. It is also important to note that
penalty structures are dynamic and market-dependent. During periods
of high treatment charges (TC/RC), smelters tend to enforce stricter
fluorine restrictions and higher penalty rates, whereas during low
TC/RC cycles, some smelters may temporarily relax thresholds to
secure feedstock. This market sensitivity is highlighted in recent
global copper concentrate trading reports (Li et al., 2022; Hoang et
al., 2021), and suggests that fluorine-related surcharges cannot be
interpreted in isolation but must be understood within broader
economic cycles.

Regulatory influence and air emission standards: Environmental
regulations, especially those targeting hydrogen fluoride (HF)
emissions, are increasingly reshaping impurity management practices
in the copper smelting industry. Regulatory frameworks in key
jurisdictions — such as the European Union (EU), United States
(EPA), and China — have established strict emission limits that
indirectly dictate the acceptable fluorine content in copper
concentrates (45,53,54).

For instance, the EU Industrial Emissions Directive mandates HF
stack emission levels below 1 mg/Nm?, one of the most stringent
global standards (45). Similarly, Chinese regulations impose limits of
< 5 mg/Nm?, driving smelters to adopt enhanced scrubbing systems
and concentrate control plans (45).

Critical analysis

These air quality standards function as both downstream
environmental constraints and upstream process drivers:

. HF stack emission limits force smelters to implement advanced
gas scrubbing, concentrate pre-treatment, or ore blending
strategies to maintain compliance (52,53,59).

o Mine planning must consider deposits with known fluorine-
bearing phases to avoid producing material that will face heavy
penalties or rejection.(57)

. Concentrator flowsheets may be modified to include selective
flotation, desliming, or ore sorting, minimizing F-rich gangue
reporting to the concentrate stream (61,62,74).

o Marketability is directly affected, as traders increasingly avoid
concentrates near penalty thresholds to mitigate financial and
logistical risks (56).

Environmental policy is thus not merely a compliance issue but also a
strategic factor shaping metallurgical planning and concentrate
marketing on a global scale.

Blending and dilution practices

Ore blending remains a widely used strategy to manage fluorine
content by diluting high-F concentrates with cleaner feedstock (42).
This practice helps smelters maintain compliance without directly
modifying upstream processes. However, severalemergingchallenges
are reducing its effectiveness:

. Logistical constraints: blending requires multiple ore sources,
which may be unavailable in single-deposit operations or
geographically isolated mines (56).

. Batch-wise certification: many smelters now require lot-specific
fluorine certification, reducing the ability to homogenize
material through bulk blending (42,57).

. Hidden high-F zones: blending can mask localized F-rich
material, leading to unexpected spikes in HF emissions, process
upsets, and potential shipment rejections (56,59).

o As a result, the industry is shifting toward preventive upstream
control, including:

. Selective mining of low-F ore zones (56).

Early-stage deportment studies to understand fluorine
distribution during flowsheet development (8,9).

. Ore sorting and pre-concentration to remove F-rich gangue

before grinding (61,62).

These proactive strategies reduce downstream mitigation costs and
increase compliance with increasingly strict smelter specifications.

Impact on economics and contracts

Exceeding industrial fluorine thresholds can severely impact the
profitability of copper concentrate exports.

e Smelters typically apply progressive penalty schemes, with
surcharges ranging from $2-$5 USD/dmt for every 0.01 wt% F
above the contractual limit (commonly 0.20-0.25 wt%) (42,57).

e In severe cases, such penalties can erode profit margins by 10—
20%, particularly for low-grade concentrates or during periods of
metal price volatility (57).

e Logistical setbacks further compound these economic risks:

Cargo rejection at port due to non-compliance with environmental
regulations. (56,58)
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o Demurrage fees caused by delays in unloading and additional
testing (42).

e Potential loss of preferred-supplier status, damaging long-term
relationships with key smelters and traders (42,64).

To mitigate these risks, producers may need to adopt costly pre-
treatment strategies, such as thermal volatilization, selective leaching,
or specialized flotation circuits, to bring fluorine levels below
acceptance thresholds (37,67,69). Ultimately, the economic
significance of fluorine control extends beyond compliance,
becoming a determinant of commercial viability in an increasingly
competitive and environmentally restrictive global copper market.
(42,52,57,59)

Methods for fluorine removal from copper concentrates: The
mitigation of fluorine in copper concentrates has become a strategic
priority for mining companies and metallurgical operations, driven by
tightening smelter specifications and increasingly stringent
environmental regulations. Elevated fluorine levels negatively impact
both pyrometallurgical performance—due to HF volatilization and
refractory corrosion—and marketability, as concentrates exceeding
contractual thresholds face heavy penalties or outright rejection
(42,53,68). Several technological strategies have been investigated to
reduce fluorine content to acceptable levels, ranging from
mineralogical pre-selection to thermal and chemical treatments. This
section summarizes the main technological pathways for fluorine
removal, focusing on their mechanisms, removal efficiency, and
industrial applicability (37,61,69).

Mineralogical pre-treatment and ore sorting

Pre-concentration of fluorine-bearing gangue minerals upstream of
flotation circuits represents a preventive approach, targeting fluorine
deportment before it enters the bulk concentrate. This strategy relies
on differences in physical properties between fluorine-rich minerals
(e.g., fluorite, fluoroapatite) and copper-bearing sulfides. (61,62,68)

. X-Ray Transmission (XRT) sorting has demonstrated high
selectivity for fluorite-bearing particles due to their higher
density and atomic number contrast, enabling early
rejection of F-rich material with minimal loss of valuable
sulfides (61,62).

. Desliming operations exploit the fine grain size and low
settling velocity of fluorine-bearing phases, such as clays
and alteration products, to remove them from the circuit
before flotation, reducing downstream contamination
(63,64,74).

However, the overall effectiveness of these techniques depends
strongly on mineral association and textural liberation:

. When fluorine is finely disseminated within sulfide grains
or locked within alteration halos, its physical separation
becomes impractical, increasing reliance on downstream
mitigation strategies (7,22).

. Additionally, implementing such methods may require
substantial capital investment in advanced sensors,
classifiers, and process control systems, which can pose
challenges for existing plants not initially designed for
fluorine control (53,59,69).

Despite these limitations, selective removal at early stages offers
several benefits:

. Reduces smelter penalties and risk of cargo rejection.

° Improves process predictability by stabilizing concentrate
chemistry.

° Enhances environmental compliance through reduction of HF
emissions during smelting (36,53,68).

For these reasons, mineralogical pre-treatment is emerging as a
strategic tool in modern beneficiation flowsheets, especially in

regions where environmental standards and concentrate specifications
are rapidly tightening. (53,68)

Selective leaching: Figure 6 presents a simplified flowchart of a
selective leaching process designed to reduce fluorine content in
copper concentrates before smelting. The process begins with a
ground concentrate, which is fed into a leaching tank where it is
treated with either sulfuric acid (H2SOs) or sodium hydroxide
(NaOH), depending on the mineralogical characteristics of the
fluorine-bearing phases (37,74).

Ground Concentrate

l

Leaching Tank
(NaOH or H2504)

|

Filtration

|

Fluorine-Containing
Effluent

Chemical Neutralization

Figure 6.Selective leaching process Source: Elaborated by the
authors

After leaching, the slurry undergoes filtration, producing two
distinct streams

o  Fluorine-rich effluent, which is routed to chemical neutralization
units for treatment and safe disposal.

e Solid residue, which is dried and stored, ready for smelting
operations.

This process achieves a dual objective: lowering fluorine levels to
meet smelter specifications and ensuring environmental compliance
by responsibly managing both liquid and solid outputs. Selective
leaching is a targeted and effective strategy for reducing fluorine
concentrations in copper concentrates, especially when the fluorine is
present in soluble or weakly bonded gangue minerals, such as
fluoroapatite or fine-grained micas (37,75). The selection of leaching
reagent depends on the chemical nature of the host mineral:

. Sulfuric acid (H2SOs): More effective for fluoroapatite
dissolution but may also release phosphate ions (PO+),
requiring subsequent treatment to avoid interference with
solvent extraction or effluent systems (37,38,75).

. Sodium hydroxide (NaOH): Preferred for silicate-hosted
fluorine, offering higher selectivity, though it typically
requires elevated temperatures and longer residence times,
increasing operational energy demands (37,38,75).

However, the method presents economic and operational trade-
offs

e Increased reagent consumption and energy costs, which can affect
process economics.
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e Generation of fluorine-rich effluents that demand neutralization
and safe disposal, adding environmental management complexity
(38,53).

e Risk of partial metal losses, such as copper and precious metals, if
process parameters are not correctly optimized (37,53).

e Despite these challenges, selective leaching becomes critical
when fluorine concentrations exceed acceptable smelter limits
and upstream mitigation methods, such as blending or sorting, are
insufficient. In high-value concentrates, where penalties or
rejection could result in significant financial losses, the process
can be economically justified, ensuring smelter compatibility and
regulatory compliance (37,42,53,66).

Thermal volatilization

Figure 7 presents a simplified process flow for controlled calcination
to reduce fluorine content in copper concentrates before smelting. The
process begins with moist concentrate, which first undergoes pre-
drying to minimize energy consumption and prevent vapor
condensation inside the calcination unit.(64,66,68)

Calcination Furnace (400-600°C)
Volatile Gases (HF)

Calcined Concentrate

Acid Gas Scrubber Storage Ready for Smelting

Figure 7.Controlled calcination for fluorine reduction. Source:
Elaborated by the authors from (53,69,73)

The dried material is then processed in a calcination furnace operating
at 400-600 °C, where fluorine-bearing phases—such as fluorite
(CaF2), fluorapatite, or F-substituted silicates—partially decompose,
releasing hydrogen fluoride (HF) gas. (65,66,74)

This step produces two main streams:

. Volatile gases (HF)are directed to acid gas scrubbers for capture
and neutralization, preventing environmental emissions.
(36,53,65)

° Calcined concentrate, which is cooled and stored, is now
compliant with fluorine thresholds required by smelters.
(53,66,69)

Thermal treatment via controlled calcination has emerged as a
technically robust pre-treatment method for fluorine removal in
copper concentrates (22,65,69), particularly under the following
conditions:

° When fluorine is present in volatile or semi-volatile forms, such
as fluorite, fluoroapatite, or mica-group minerals (7,22).

. When selective leaching is impractical, due to high reagent
costs, challenges in water balance, or excessive residual
moisture in the feed (37).

Operating temperature considerations

The optimal temperature range (400-600 °C) is selected to
balance: (74)

. Sufficient thermal energy to promote HF volatilization and
decomposition of fluorine-bearing phases. (67)

. Avoidance of copper sulfide oxidation or volatilization of
valuable metals such as arsenic and precious metals (53,69).

Advantages

e Fast processing times, with typical residence periods of less than
one hour.

e Scalability, as the process can be implemented in rotary kilns,
multiple-hearth furnaces, or flash dryers, which are common in
modern concentrators (53,69).

e Compatibility with existing infrastructure, particularly where gas
scrubbing systems are already operational for SO2 or HF capture
(53,69).

Limitations

o High capital investment and energy requirements, especially at
large scales. (69)

. Generation of corrosive HF gas, requiring the use of acid-
resistant linings and components to prevent equipment
degradation (36).

. Limited efficiency when fluorine is structurally bound in
refractory silicate phases such as biotite or amphiboles, which
require higher temperatures or longer residence times for partial
decomposition (73).

Concluding remarks: Controlled calcination is a viable, scalable
pre-treatment solution for copper concentrates with moderate to high
fluorine levels, particularly in high-throughput operations or
centralized processing hubs. Its successful implementation relies on
precise temperature control, robust gas-handling systems, and
integration with environmental compliance frameworks, ensuring
both smelter acceptance and regulatory compliance. (53,69)

Flotation optimization: targeted reduction of fluorine-bearing
gangue: Selective flotation optimization is a cost-effective strategy
for mitigating fluorine in copper concentrates, especially when
fluorine-bearing minerals, such as fluorite (CaF2) and fluoroapatite
(Cas(POa4)sF), are partially liberated and can be selectively rejected
during flotation.(74). The focus is on reagent scheme adjustments and
liberation enhancement to minimize fluorine entrainment without
compromising copper recovery (72,74). Table 5 summarizes the main
flotation-based strategies for fluorine reduction, highlighting the
mechanisms and expected outcomes. These include selective
depressants, collector modification, and regrinding to improve
mineral liberation. Table 5. Flotation-based techniques for selective
fluorine rejection in copper concentrates—source: Elaborated by the
authors.

Mechanistic Insights

Selective depressants: Natural tannins demonstrate strong phenolic
interactions with fluorite surfaces, significantly reducing floatability
(70).  Carboxymethylcellulose (CMC) and starch derivatives are
highly effective for depressingfluoroapatite and silicates, particularly
under alkaline conditions, improving overall selectivity (71).

Collector modification: The use of dithiophosphates and thiol-
functionalized collectors enhances chalcopyrite recovery while
disfavoring F-bearing gangue, reducing fluorine entrainment in the
concentrate (73).
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Regrinding: By regrinding rougher concentrates, locked fluorine
phases are liberated, facilitating their rejection in cleaner flotation
stages. This step has proven especially valuable in ores with fine
intergrowths between gangue and sulfides (72,74).

Performance and limitations: These methods have been shown to
reduce fluorine content by 20-50% in final concentrates, depending
on ore mineralogy, grinding fineness, and reagent optimization (70-
72).

o Importantly, these reductions are often achieved without significant
copper losses, making flotation optimization an attractive low-
CAPEX alternative compared to thermal or chemical pre-treatments
(72).

e However, successfulimplementation requires:

e Comprehensive mineralogical characterization, using tools such as
QEMSCAN or LA-ICP-MS to identify fluorine deportment. (22,38)

e Bench-scale testing to fine-tune reagent dosages and flotation
conditions. (38,71)

o Careful monitoring of recycled water chemistry, as dissolved F~ can
interact with flotation reagents and impact circuit performance
(38,72).

When fluorine-bearing minerals are discrete and well-liberated,
depressant-based flotation provides one of the most environmentally
sustainable and economically viable solutions for meeting smelter
specifications and complying with environmental regulations. (64)

Emerging technologies for fluorine removal: Recent research has
focused on innovative techniques to address the challenges and
limitations of conventional thermal and chemical processes for
fluorine removal from copper concentrates. While most of these
methods remain at laboratory or pilot scale, they hold promise for
environmentally sustainable, selective, and cost-effective fluorine
mitigation in the future (19,60,75,76).

Bioleaching of fluorine-bearing minerals: The use of fluorophilic
microbial species, such as Acidithiobacillusferrooxidans and
Leptospirillum spp., under acidic conditions has demonstrated partial
solubilization of fluorine from silicate and apatite minerals at
moderate temperatures (30-50 °C) (74-76).

Advantages

e  Low energy demand compared to thermal treatments. (60)
e Minimal requirement for chemical reagents, aligning with
circular processing concepts.

Challenges

. Maintaining microbial stability over long operations. (75,76)

. Managing fluorinated organic by-products in effluents. (38)

° Controlling reaction times, which are typically slower than in
conventional processes. (75,76)

Reported fluoride removal efficiencies range from 45% to 80%,
depending on pH control, temperature, and nutrient availability,
demonstrating significant potential for integration into early-stage
processing (75,76).

Hydrothermal decomposition

Hydrothermal treatments, operated at 250-300 °C in buffered acidic
environments, have successfully decomposed fluoroapatite and other
fluorine-bearing  minerals, releasing fluoride into solution
(60,68,76).This approach could be integrated into pre-drying stages in
concentrators.

Key bottlenecks include:

e Corrosion control, as acidic high-temperature environments
aggressively attack metallic reactor components. (37)

e High energy requirements, which may limit economic feasibility
at industrial scales. (76)

Ion exchange and membrane technologies: Fluoride-selective ion
exchange resins and membrane-based technologies—including anion-
selective nanofiltration and electrodialysis—have achieved >90%
fluoride removal in synthetic aqueous systems (75).

Promisingaspects:(38,76)

. High selectivity for fluoride, ideal for treatment of low-total-
dissolved-solids (TDS) process waters.

Challenges:(38,75)

Membrane fouling due to suspended solids and organic matter.
Sensitivity to calcium (Ca?") and magnesium (Mg?") scaling,
which reduces membrane efficiency.

e High initial capital costs for large-scale deployment.

Criticalanalysis

While these emerging technologies represent substantial progress in
selective fluorine control, their technology readiness levels (TRL)
remain low.

. Integration into existing concentrator flowsheets requires
further research on process compatibility and economic
modeling (19).

. Providing quantitative performance metrics, such as fluoride
removal efficiency (% F~ reduction), operating temperatures,
residence times, and estimated CAPEX/OPEX, is essential for
pilot-scale decision-making (75).

Comparative studies highlight that

. Bioleaching can achieve 45-80% F removal, but long cycle
times and by-product control limit industrial uptake (75).

. Membrane technologies consistently reach >90% F rejection yet
face high operational costs and fouling issues (75).

As global environmental regulations tighten, these low-footprint,
process-integrated alternatives may become vital for operations in
regions with strict impurity limits or mandatory water reuse policies
(53).

Environmental impacts and regulatory framework: The
environmental behavior of fluorine during copper processing has
emerged as a critical constraint on concentration acceptability,
particularly because it can transform into volatile species such as
hydrogen fluoride (HF) during smelting and roasting. These
emissions pose health and environmental risks, including corrosivity,
respiratory toxicity, and persistent atmospheric dispersion near
smelting sites (36,65,68,76). Regulatory agencies worldwide have
imposed strict limits on fluorine emissions, particularly gaseous HF,
thereby influencing upstream mineral processing strategies and
procurement policies. For example:

. The European Union’s Industrial Emissions Directive (IED)
enforces HF stack emission limits below 1 mg/Nm?®, mandating
continuous monitoring and gas scrubbing systems (53).

. The United States Environmental Protection Agency (USEPA)
requires HF monitoring and reporting under the Clean Air Act
Title V, with direct implications for non-ferrous metal plants
(54).

. China’s GB 31574-2015 regulation caps HF emissions at <5
mg/Nm?, with mandatory implementation of dry scrubbing
systems and dust control filters in metallurgical facilities (76).

These regulations not only set emission thresholds, but also indirectly
shape feedstock selection criteria, penalizing concentrates with high
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fluorine contents and requiring pre-treatment or dilution. In
jurisdictions with strict emission enforcement, fluorine control
extends across the full mineral value chain, frommine planning and
beneficiation to blending and contract negotiation. (52,59)

Critical perspective: The environmental regulation of fluorine
exemplifies how policy frameworks influence technological design
and mineral economics. Instead of being managed solely at the
smelter, fluorine must be addressed proactively at upstream stages.
This trend supports the increasing adoption of low-F ore sourcing,
deportment analysis, and targeted beneficiation technologies, aligning
process sustainability with regulatory compliance (19,22). As
environmental standards tighten, especially for volatile pollutants like
HF, integrated fluorine management becomes a key factor in both
technical feasibility and commercial viability. (67,74)

Environmental and toxicological thresholds: While the discussion
of HF emissions and downstream impacts is relevant, it could be
further strengthened by integrating toxicological thresholds and
occupational exposure limits. Hydrogen fluoride (HF) is a highly
corrosive gas with well-documented health hazards, including severe
respiratory irritation and chronic effects on bone and dental tissues.
According to the United States Occupational Safety and Health
Administration (OSHA), the permissible exposure limit (PEL) for HF
is three ppm (2.6 mg/m®) as a ceiling value (1). The American
Conference of Governmental Industrial Hygienists (ACGIH)
recommends a more stringent threshold limit value (TLV) of 0.5 ppm
(0.41 mg/m?®) for an 8-hour time-weighted average (2). In aquatic
environments, fluoride ions (F~) can exhibit toxicity to sensitive
organisms, with acute LCso values for freshwater fish ranging from 51
to 340 mg/L, depending on species and water chemistry (19). These
data underscore the need not only for air pollution control but also for
careful management of liquid effluents and occupational safety
measures in copper smelting and leaching facilities that handle
fluorine-bearing materials.

Conclusions and future perspectives: Fluorine, although a minor
impurity in copper ores, exerts disproportionate technical,
environmental, and economic impact across the entire copper
production chain. Its variable mineralogy—predominantly fluorite,
fluoroapatite, and F-bearing silicates (e.g., micas, amphiboles)—
results in complex processing behavior during flotation, thermal
treatment, and hydrometallurgical operations. This review
demonstrates that fluorine's presence in copper concentrates has
become a growing concern for smelters worldwide, with acceptance
thresholds typically below 0.25 wt% and, in some high-regulation
regions, as low as 0.15 wt%, particularly under strict HF emission
control policies. Environmental regulations, especially hydrogen
fluoride (HF) stack emission limits, have evolved into critical
upstream drivers, influencing ore blending, selective beneficiation
strategies, smelter design, and international trade contracts.

Current technological responses

A broad portfolio of technological responses is under
development
° Upstream control through ore sorting, desliming, and

selective flotation, including optimization of depressants
and collector schemes, has shown success in reducing F-
bearing gangue in concentrates.

° Thermal pre-treatments, such as controlled calcination, are
effective for decomposing fluorite and mica-group minerals,
though capital and energy costs remain high. (68)

° Emerging technologies, including bioleaching,
hydrothermal decomposition, and membrane-based fluoride
removal, are still confined to laboratory or pilot-scale
studies but offer environmentally sustainable alternatives.

Research gaps: Despite these advancements, several critical research

gaps remain:

Limitedpilot-scalevalidation: Most emerging techniques—such as
bioleaching, ion exchange, and hydrothermal treatments—Ilack long-

term pilot data. Their stability, scalability, and compatibility with
existing concentrator flowsheets have not been fully demonstrated.
Integration challenges with flotation, leaching, and smelting circuits
remain poorly understood.

Inadequatefluorinedeportment models: Current models fail to
capture the multi-scale distribution of fluorine in ores, limiting
predictive process design. Advanced geometallurgical models,
incorporating automated mineralogy and thermodynamic simulations,
are needed to link mineralogical occurrence with process pathways.

Lack of standardized monitoring protocols: Few operations have
batch-wise F monitoring systems with internationally harmonized
detection limits. The development of standardized analytical
protocols would improve transparency in smelter-concentrate
relationships and global market compliance.

Techno-economic and environmental assessments: Hybrid
flowsheets, combining physical beneficiation, flotation optimization,
and chemical or thermal treatments, require CAPEX/OPEX models
and life-cycle analyses (LCA) to assess viability. Such studies are
particularly relevant for environmentally sensitive jurisdictions that
mandate water reuse and zero-discharge policies.

Future perspectives

Looking ahead, the next decade will likely focus on integrated, multi-
stage fluorine control strategies, combining:

o Early-stage rejection of F-bearing gangue through ore sorting
and targeted flotation depressants.

o Downstream mitigation using controlled calcination or selective
leaching for concentrate exceeding smelter thresholds.

o Circular approaches, where fluoride-rich effluents are
neutralized and potentially repurposed in other industrial
processes, aligning with sustainable development goals.

o As environmental regulations tighten and market penalties
escalate, proactive fluorine management will transition from an
optional measure to a critical requirement for ensuring:

Product acceptance in global smelter markets,

o Operational safety by preventing HF-related corrosion and
emissions, and

. Environmental ~ compliance,
ecosystems and communities.

safeguarding  surrounding

The path forward lies in collaborative efforts among industry,
academia, and regulators to develop robust, scalable solutions that
bridge the gap between laboratory innovation and industrial
implementation.
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