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This review examines thermal, hydrothermal, chemical, and biological 

processesfor producing This Thsreview examines thermal, hydrotherma

l, chemical, and biological processes for producing controlled-release 

potassium fertilizers exclusively from potassium feldspars. A comparati

ve assessment is presented, covering extraction efficiency,environment

al impact, and technological feasibility of the main activation routes. 

Among these, alkaline hydrothermal treatments and pyrometallurgical 

chlorination achieve the highest potassium extraction efficiencies, often 

exceeding 80% and reaching above 90% under optimized conditions. In 

contrast, moderate calcination and bioleaching show lower extraction 

rates but offer environmental and operational advantages, such as reduc

ed energy demand, lower reagent consumption, and potential suitability 

for sustainable agricultural practices. Agronomic trials demonstrate that 

properly activated potassium feldspars can match the performance of 

conventional potassium chloride (KCl) in terms of crop yield, while 

providing the advantage of controlled nutrient release and prolonged 

residual effects in the soil. Economic and macroeconomic analyses 

emphasize Brazil’s strong dependence on imported potassium fertilizer

s and the strategic opportunity of exploiting domestic feldspar deposits. 

By integrating mining, beneficiation, activation processes, and agricult

ural application, this review supports the development of sustainable, 

locally sourced alternatives to conventional KCl, enhancing self suffici

ency and resilience in agricultural production systems. By integrating 

mining,beneficiation,activation processes,and agricultural application,t

his review supports the development Of sustainable,locally sourced 

alternatives to conventional kcl,enhancing self sufficiency and resilienc

e in agricultural production systems. 
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Introduction:- 
Potassium (K) is an essential macronutrient for plant growth, directly influencing photosynthesis, enzyme activation, 

osmotic regulation, and resistance to biotic and abiotic stresses. Its adequate supply is critical to achieving high crop 

yields and quality [1,2]. Globally, the main potassium fertilizers are potassium chloride (KCl) and potassium sulfate 

(K₂SO₄), with KCl representing more than 90% of the traded potassium fertilizer market [3]. 

 

The supply of KCl is highly concentrated in a few countries, notably Canada, Russia, and Belarus, which together 

account for more than 60% of world production. This geographical concentration increases the vulnerability of 

importing countries to supply disruptions and price volatility [4,5]. In Brazil, the dependence on imported potassium 

fertilizers exceeds 90% of domestic demand, making the agricultural sector particularly exposed to international 

market fluctuations and logistical challenges [6]. Transportation from ports to inland agricultural regions is costly 

and subject to infrastructure limitations, further raising fertilizer costs and impacting production competitiveness. 

 

Given this scenario, the search for alternative potassium sources from domestic mineral resources has gained 

strategic importance. Potassium feldspars—especially microcline (triclinic) and orthoclase (monoclinic)—are 

abundant in granitic and syenitic rocks and contain 12–16% K₂O [7]. Despite their low natural solubility (<1% in 

water or weak acids), these minerals can be activated by mechanical, thermal, or chemical treatments to increase 

potassium release to agronomically relevant levels [8,9]. 

 

The use of potassium feldspars as alternative fertilizers offers potential advantages, including the possibility of 

controlled nutrient release, co-supply of silicon and aluminum, and the utilization of domestic mineral reserves to 

reduce import dependence. However, the efficiency of potassium release depends on the activation route, process 

conditions, and the degree of mechanical pre-treatment applied to the mineral. 

 

This review aims to compile and critically analyze the main technological routes for activating potassium feldspar 

for fertilizer production, focusing on extraction efficiency, agronomic performance, environmental impact, and 

economic feasibility. The study also evaluates Brazil’s potential to integrate these processes into its agricultural 

supply chain as part of a strategy to reduce dependency on imported KCl. 

 

The methodology consisted of a systematic literature review covering articles, patents, and technical reports 

published between January 2020 and 2025, using databases such as Web of Science, Scopus, ScienceDirect, and 

Google Scholar. Search terms included ―potassium feldspar,‖ ―hydrothermal activation,‖ ―thermofertilizer,‖ and 

―pyrometallurgical chlorination.‖ Studies were selected based on relevance to potassium extraction from feldspar, 

reporting of quantitative efficiency data, and/or agronomic evaluations. 

 

Results and Discussion: - 
Mineralogy and occurrence of potassium feldspars: 

Potassium feldspars (KAlSi₃O₈) represent a group of tectosilicate minerals with three principal polymorphs — 

microcline, orthoclase, and sanidine — which crystallize under different temperature conditions [10, 11]. Microcline 

forms at low temperatures and exhibit distinctive grid-twin (tartan) twinning; orthoclase, an intermediate-

temperature monoclinic form, commonly displays Carlsbad or Baveno twins; sanidine is a high-temperature 

monoclinic form typical of volcanic rocks [11, 12]. 

 

These polymorphs occur widely across geological environments: microcline is prevalent in granitic and high-grade 

metamorphic rocks; orthoclase is common in both plutonic and some volcanic contexts; sanidine is abundant in 

rhyolites, obsidians, and felsic volcanic flows [12]. Their physical properties are similar, but subtly distinct: 

 Chemical composition: KAlSi₃O₈ (all three forms) [13]. 

 Hardness (Mohs scale): approximately 6–6.5 [14]. 

 Specific gravity: about 2.5–2.6 [14]. 
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Table 1 summarizes the main mineralogical and geological features of the three potassium feldspar polymorphs, 

highlighting their crystal structures, typical geological environments, and temperature ranges of formation. This 

classification is important not only for petrological studies but also for evaluating their potential as alternative 

potassium sources for fertilizers. 

 

Table 1: Key characteristics of potassium feldspar polymorphs 

Polymorph Temperatureformation Crystal system &twinning Common occurrence 

Microcline Low Triclinic; grid (tartan) twinning Granites, pegmatites, metamorphic rocks 

Orthoclase Intermediate Monoclinic; Carlsbad/Bavenotwins Plutonic& some volcanic rocks 

Sanidine High (rapidcooling) Monoclinic; simpletwins Rhyolites, obsidian, pyroclasticdeposits 

 

From an agronomic perspective, the microcline variety, although more abundant in granitic rocks and pegmatites, 

tends to exhibit lower weathering rates due to its triclinic structure and more ordered Al–Si framework, which 

reduces potassium release in soil environments [15]. Orthoclase, by contrast, has intermediate ordering, while 

sanidine is structurally disordered due to rapid cooling, potentially enhancing K solubility in chemical or 

hydrothermal treatments [16]. 

 

Geographically, potassium feldspar deposits are widespread worldwide — notable occurrences are found in Brazil, 

India, China, and Canada, often associated with large granitoid bodies and feldspathic sandstones. In Brazil, the 

most promising reserves are concentrated in Minas Gerais, Bahia, and Rio Grande do Norte, often co-occurring with 

quartz and mica, requiring beneficiation to achieve agronomic grade [17]. 

 

Understanding these mineralogical distinctions is essential for selecting extraction or activation processes that 

maximize K release, since mineral structure, alteration state, and associated gangue minerals directly influence 

leaching efficiency and operational costs in fertilizer production. 

 

Figure 1 summarizes the magmatic-to-surface pathway that leads to the formation and transformation of K-

feldspars (KAlSi₃O₈). It begins with K-, Si-, and Al-rich magma, proceeds through fractional crystallization, and 

culminates in the crystallization of the three principal K-feldspar polymorphs—sanidine (high-T, monoclinic), 

orthoclase (intermediate-T, monoclinic), and microcline (low-T, triclinic)—followed by post-magmatic alteration 

(hydrothermal and weathering) and redistribution into secondary deposits (soils and sediments) 

 

     
Figure 1: Genesis of potassium Feldspar. 
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From a process standpoint, the order–disorder continuum in the alkali feldspars governs which polymorph forms 

along the cooling path: rapid cooling stabilizes sanidine; slower cooling promotes partial ordering to orthoclase; 

very slow cooling and/or fluid-assisted re-equilibration favor the fully ordered microcline [19]. This structural 

evolution also generates exsolution and replacement microtextures (e.g., perthites, cryptoperthites), producing 

microporosity and reactive interfaces that later modulate dissolution and ion mobility during alteration—features 

directly relevant to fertilizer activation strategies that rely on enhanced K release [18. 19]. 

 

In the hydrothermal stage, K-feldspar commonly undergoes sericitization (replacement by fine muscovite/sericite ± 

quartz), which locks K into sheet silicates and reduces immediate K availability within the rock matrix; nevertheless, 

such reactions increase permeability and create reaction fronts that can be leveraged by engineered treatments [20]. 

Progressing to weathering, K-feldspar transforms to clays (illite, then kaolinite/smectite depending on pH–Eh–fluid 

flux), transferring K to exchangeable or interlayer sites in soils and sediments and thereby shaping the landscape-

scale K cycle [21]. 

 

Implications for this review. The flowchart highlights three leverage points for alternative K-fertilizer development 

from feldspars: 

 selecting source lithologies enriched in sanidine/orthoclase or microcline with abundant microtextures; 

 targeting hydrothermal/sericitic alteration fronts where permeability and reaction interfaces are maximized; and 

 integrating soil-process knowledge (where K resides after weathering) to predict agronomic release. 

Collectively, microstructural inheritance (magmatic and subsolidus), alteration pathways, and depositional 

context control how much, how fast, and under which conditions K can be mobilized from feldspar matrices—

critical variables for comparing hydrothermal, thermal, and chemical activation routes discussed later in this 

review [17, 18, 20]. 

 

Mining and beneficiation: - 

Extraction methods. Potassium feldspar (K-feldspar) is predominantly mined from granitic/pegmatitic bodies by 

open-pit bench mining with drilling–blasting, followed by selective loading of feldspathic zones; small underground 

stopes may occur in narrow pegmatite veins. Industrial practice targets low-iron feed to meet ceramic/glass 

specifications; mine planning therefore emphasizes selective mining and on-site sorting to control Fe-bearing 

accessories (mica, amphibole, oxides) that penalize whiteness and flux behavior [22]. In Brazil, feldspathic 

pegmatites are widespread (e.g., Borborema Province in NE Brazil and parts of Minas Gerais), with state and federal 

mapping underpinning resource targeting and environmental licensing [23, 24]. 

 

Crushing, grinding and concentration. ROM ore undergoes staged crushing (jaw/cone) and grinding (ball/rod or 

vertical mills) to liberate feldspar from quartz and Fe-bearing gangue. Downstream magnetic separation removes 

paramagnetic impurities (biotite, garnet, Fe-oxides), and feldspar–quartz separation is typically achieved by froth 

flotation. Recent process development focuses on HF-free or low-fluoride reagent schemes—mixed collectors 

(amine + anionic surfactants), fatty acids, and ―self-assembly‖ collector systems—seeking selectivity while lowering 

EHS risk [25, 26]. For routes aimed at fertilizer precursors, comminution to finer sizes accelerates subsequent 

hydrothermal or thermochemical activation of K-feldspar matrices [15]. 

 

Economic and environmental aspects. Comminution is the major energy sink of mineral processing—often ~40–

50% of plant energy—so circuit design (HPGR/stirred milling, classification efficiency) is pivotal to cost and 

footprint [27]. Flotation reagent choice drives OPEX and compliance: the shift from HF to fluorine-free collectors 

reduces hazard management and waste-water treatment loads [25]. Market signals also matter: USGS reports stable 

2024 U.S. marketable feldspar output (~450 kt) with average unit value ~US$110/t, while trade flows and 

consumption are tied to glass and ceramics demand cycles [22]. In Brazil, sector diagnostics guide permitting and 

infrastructure planning for industrial minerals, including feldspar within pegmatite clusters that also host Li-bearing 

minerals—creating opportunities for co-products (quartz, mica) and residue valorization [17, 24] 

 

Table 2outlines the typical path from run-of-mine to feldspar concentrate: bench mining with grade control (low-Fe 

feed), staged comminution (crushing/grinding) for liberation, magnetic separation to remove Fe-bearing accessories, 

and feldspar–quartz flotation—with a recent shift toward HF-free reagent schemes for EHS compliance. For 

fertilizer-oriented routes, finer particle sizes are favored to accelerate hydrothermal/thermochemical activation of K-

feldspar [15, 17, 25, 26]. 
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Table 2: Typical unit operations in K-feldspar mining and beneficiation 

Stage Mainoperation Objective 

Key 

environmental/economic 

notes 

References 

Mine 

Open-pit drilling–

blasting; selective 

loading 

Maintain low-Fe 

feed; grade 

control 

Selective mining lowers 

downstream reagent/energy 

demand 

USGS 2025 [22] 

Crushing&grinding 

Jaw/cone crushing; 

ball/rod/stirred 

mills 

Liberation to 75–

300 µm (spec-

dependent) 

Largest energy share; 

optimization reduces 

costs/emissions 

Hatchl. 2025 [27] 

Magneticseparation 
Wet/dry LIMS or 

HIMS 

Remove Fe-

bearingaccessories 

Cuts Fe₂O₃ for ceramic/glass 

specs; reduces depressant 

demand 

Sun et al. 2023[25] 

Feldspar–

quartzflotation 

HF-free/low-F 

collectors; mixed 

systems 

Selective feldspar 

recovery vs. 

quartz 

Shift to fluorine-free 

systems for EHS compliance 

Sun et al. 2023 [25]; 

Mohanty et al. 2024 

[26])  

Producthandling 
Dewatering, drying, 

sizing 

Meet market specs 

(ceramic/glass) or 

feed activation 

routes 

Particle size tailored for 

downstream use (tiles/glass 

or K-extraction) 

Chen et al. 2024 [15]; 

USGS 2025[17] 

 

Because comminution typically dominates plant energy use, circuit efficiency (classification performance, stirred 

mills/HPGR) strongly influences cost and footprint; concurrently, moving from HF to fluorine-free collectors 

reduces operational risk and effluent treatment loads, though diluted-HF schemes can still show strong selectivity at 

lab scale [25, 26, 28]. At mine, selective extraction of low-Fe fronts and pre-sorting lower downstream 

reagent/energy demand and improve product fit for ceramics/glass or as a reactive precursor for K extraction [17]. 

 

Mechanisms of potassium release: 

Potassium in K-feldspar is hosted in large A-sites within a rigid aluminosilicate framework (KAlSi₃O₈). Under 

agronomic or processing conditions, K⁺ liberation is governed predominantly by surface-controlled dissolution 

rather than bulk solid-state diffusion. Near-neutral solutions generate the slowest rates; dissolution accelerates under 

acidic (proton-promoted) and strongly alkaline conditions (hydroxyl-/ligand-promoted) and is strongly modulated by 

surface heterogeneity (etch pits, defects, twins) and by the precipitation of secondary phases that can sequester Si 

and Al and partially mask net release [19, 29, 30]. 

 

At the micro- to nanoscale, intrinsic crystal heterogeneity—exsolution/intergrowth textures and defect densities—

creates spatially variable retreat rates; K-rich lamellae tend to dissolve faster and at more dispersed rates than Na-

rich ones and etch-pit nucleation along defects enhances local fluxes [19]. These observations explain why 

mechanical activation (which increases defect density and reactive area) consistently boosts K release at a given 

chemistry [29]. 

 

Solution chemistry exerts first-order control. Low-molecular-weight organic acids (LMWOAs) promote ligand-

assisted bond breaking at the feldspar–fluid interface; recent experiments show oxalic acid tends to mobilize Al 

more efficiently, whereas citric acid mobilizes Si, and mixed acids can be synergistic [31]. In alkaline hydrothermal 

systems (180–280 °C), OH⁻ attack dissolves the framework, and K is redistributed into secondary zeolites or Ca-

(Al)-silicates (e.g., tobermorite, hydrogrossular), generating materials with substantially higher leachable K than the 

parent feldspar [7, 16].  

 

Finally, proximity to equilibrium matters: as solutions approach saturation with respect to secondary 

aluminosilicates, apparent dissolution slows by 1–2 orders of magnitude and becomes controlled by coupled 

dissolution–precipitation; kinetic interpretations must therefore decouple forward dissolution from simultaneous 

precipitation [32, 33]. 
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Table 3 consolidates the main controls on K⁺ release from K-feldspar—surface heterogeneity/defects, particle size 

(mechanical activation), solution chemistry (pH, organic ligands), alkaline hydrothermal conditions, and proximity 

to equilibrium—linking each control to its operative mechanism and net effect on dissolution/ion liberation [19, 32]. 

 

Table 3: Main controls on K⁺ release from K-feldspar 

Control Mechanism (summary) Net effect on K release Recentevidence 

Surface heterogeneity 

(defects, twins, 

intergrowths) 

Preferential etch-pit 

nucleation and step retreat on 

defect-rich domains 

↑ Rates 

wheredefectsconcentrate 
Lange et al., 2021 [19]. 

Particlesize / 

mechanicalactivation 

Higher specific area; 

disorder/amorphization of 

near-surface 

↑ Rapidearly K⁺ 

liberation 
Zhang et al., 2024 [29] 

pH (H⁺ vs. OH⁻) 

Proton- or hydroxyl-

promoted bond breaking in 

the framework 

↑ Far from neutrality; ↓ 

near pH ~6–8 

Zhu et al., 2020 [32]; Schott et 

al., 2024. [30] 

Organic ligands 

(LMWOAs) 

Complexation of Al/Si and 

enhanced detachment kinetics 

↑; acid-specific 

selectivity (oxalic≈Al, 

citric≈Si) 

Lin et al., 2023 [31].  

Hydrothermalalkalimedia 

OH⁻ attack; CIDR* to K-

bearing secondaries 

(zeolites/C-A-S-H) 

↑ Orders of magnitude 

vs. raw rock 

Zhai et al., 2021 [7]; Wu et al., 

2022. [16] 

Near-

equilibriumconditions 

Coupled dissolution–

precipitation reduces apparent 

forward rate 

↓ 1–2 orders; requires 

tracermethods 

Zhu et al., 2020 [32]; Xu et al., 

2025. [33] 

*CIDR = coupled interfacial dissolution–reprecipitation. 

 

Processing technologies: 

Mechanical routes (ultrafine grinding, mechanochemical activation). Intense milling increases defect density, 

amorphizes the aluminosilicate network, and exposes K–O sites, which accelerates subsequent chemical leaching or 

biological solubilization. Planetary milling with small amounts of alkaline additives (e.g., Ca(OH)₂) has been shown 

to raise citric/acid‐leachable K and shorten reaction times in downstream steps [29]. When coupled to fungal 

solubilization (e.g., Aspergillus niger), mechanical activation can more than double K release from pristine K-

feldspar, evidencing a practical path to ―green‖ K-fertilizers that avoid harsh reagents [29, 34]. 

 

Thermal routes (calcination with additives, fusion/roast-leach). Roasting K-feldspar with chloride/sulfate salts 

generates KCl in situ (via Ca²⁺/Na⁺ exchange and network depolymerization), enabling high potassium recoveries 

after simple water leaching. Using CaCl₂ produced from local carbonates, >98 % K extraction has been 

demonstrated at ~900 °C/60 min; mixtures such as CaSO₄–NaCl can reach ~93–96 % while reducing CaCl₂ 

consumption [35, 36]. ―Waste-derived‖ additives (e.g., eggshell–HCl to make CaCl₂) have also been validated for 

near-quantitative K recovery, supporting circular-economy variants of the roast-leach route [35, 36, 37].  

 

Hydrothermal and chemical routes (alkaline/acid leaching; hydrothermal). Under subcritical conditions (≈200–

280 °C) in concentrated alkali, K-feldspar transforms through metastable leucite/kaliophilite toward kalsilite, from 

which K (and Al) are readily leached—providing a controlled-release product and zeolitic by-products depending on 

conditions [16]. Micrometer- to nanometer-scale studies confirm that alkaline hydrothermal alteration produces 

secondary K-bearing phases at the feldspar interface that govern agronomic release kinetics, linking process 

parameters to plant-available K [7, 16].  

 

Biological routes (microorganisms, bio-fertilizers). Potassium-solubilizing fungi and bacteria excrete organic 

acids and chelators that mobilize non-exchangeable K from silicate lattices. Recent work with A. niger shows 

substantial K release from K-bearing minerals under mild conditions, and the effect is amplified when starting from 

mechanically activated feldspar powders [34, 38]. Although slower than thermo/hydrothermal routes, bio-routes 

offer low-impact processing and compatibility with organic systems. [34, 38].  
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Table 4 condenses the main processtrade-offs andK-feldspar—mechanical, thermal (roast–leach), alkaline 

hydrothermal/chemical, and biological—linking operating windows to typical K recovery and operational trade-offs 

and highlighting options that can serve either as stand-alone extraction (e.g., roast–leach) or pre-activation steps 

(e.g., ultrafine grinding) [7, 16, 35]. 

 

Table 4: Processing technologies for K-feldspar (summary, 2020–2025) 

Route Typicalconditions 
Typical outcome (K recovery / 

structural effect) 
Energy / impact notes 

Ultrafinegrinding / 

mechanochemicalactivation 

Planetary/attritor mills; 

optional alkaline additives 

(e.g., NaOH, Ca(OH)₂); 

minutes–hours 

Marked increase in water-

soluble / plant-available K vs. 

raw feldspar; enhanced 

reactivity for downstream steps 

Electrical energy; no 

hazardous reagents; 

synergy with 

bioleaching 

Roast–leach (CaCl₂) 

850–900 °C, ~60 min; 

feldspar:CaCl₂ ≈ 1:1.5 (CaCl₂ 

can be made from 

calcite/eggshell) 

Up to 98.6% K dissolution 

after water leach (900 °C, 60 

min, 1:1.5) 

High thermal load; 

chloride handling; 

circular Ca sources 

possible 

Roast–leach (CaSO₄ + 

NaCl) 

1000 °C, 60 min; ratio 

1:1.25:1.5 

(feldspar:CaSO₄:NaCl) 

96.1% K dissolution; similar 

toCaCl₂ with less CaCl₂ 

consumption 

High T; mitigates pure 

CaCl₂ demand 

Alkalinehydrothermal 

(KOH/NaOH) 

200–280 °C, 2–4 h 

(autoclave); concentratedalkali 

Complete structural 

decomposition reported at 280 

°C/120 min; K redistributed 

into secondary phases; high 

leachable K in products 

Moderate 

thermal/pressure; 

produces zeolitic/C-A-

S-H-like phases 

Organic-acidleaching 

(LMWOAs) 

0.01–0.1 M oxalic/citric; 25–

80 °C; hours–days 

Ligand-promoted dissolution 

of feldspar; selective 

mobilization (oxalic≈Al, 

citric≈Si); moderate K release 

Low hazard vs. mineral 

acids; slower kinetics 

Biological (e.g., 

Aspergillus niger) 

Ambient–30 °C; pH ~4–6; 

days–weeks; nutrients 

optimized 

Significant K release from K-

bearing matrices; boosted 

when feed is mechanically 

activated 

Very low impact; 

slower; compatible 

with organic systems 

 

Roast–leach with salts delivers the highest recoveries (≈93–99%) but at a high thermal load and with chloride 

management requirements; circular Ca sources can mitigate impacts [35, 36, 37]. Alkaline hydrothermal routes 

achieve deep structural decomposition at 200–280 °C and yield reactive secondaries for controlled release, but 

demand caustic recycling and resistant reactors [7, 16]. Mechanochemical activation is low-hazard and energy-

electricity based, excelling as a synergistic pre-treatment and pairing well with bio-routes [29, 34]. Organic-acid 

leaching and bioleaching are low-impact yet slower, fitting niche/organic contexts or hybrid schemes with prior 

mechanical activation [31, 38]. 

 

Agronomic efficiency: 

Environmental and economic aspects: 

Carbon footprint.Across the options, energy form and temperature are the main levers. Roast–leach routes for K-

feldspar (e.g., CaCl₂/CaSO₄–NaCl roasts at ~850–1,000 °C) concentrate emissions in the high-temperature step and 

chloride handling, whereas alkaline hydrothermal conversion (≈200–280 °C) shifts impacts to electricity/steam and 

caustic make-up/recovery [39, 40]. For the benchmark soluble salts, an LCA of industrial production shows that 

Mannheim K₂SO₄ carries higher burdens than KCl, largely from fuel-oil combustion in the furnace; electricity 

dominates the KCl profile. These patterns contextualize feldspar-derived routes: lowering peak temperature and 

switching to lower-carbon heat (or electrification) materially reduces GHG intensity [40, 41]. 
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Production and application costs.Cost drivers differ by route. Roast–leach OPEX is governed by fuel (kiln duty) and 

salt consumption; using mixed salts (e.g., CaSO₄+NaCl) can trim CaCl₂ demand at similar recoveries [36]. 

Hydrothermal OPEX depends on alkali dosage, materials of construction (corrosion-resistant autoclaves), and the 

efficiency of alkali recycling (e.g., causticizing K₂SiO₃ back to KOH with lime) [42]. Mechanochemical pre-

activation is electricity-intensive but reduces downstream residence time and reagent needs, improving whole-chain 

economics when coupled to hydrothermal or bio-routes [42]. At the farm gate, feldspar-derived products tend to 

show controlled release; fewer split applications and lower K leaching can offset a lower first-cycle response 

relative to KCl/K₂SO₄ in sandy soils [43]. As a contextual input cost, the average U.S. feldspar unit value was about 

US$ 110 t⁻¹ in 2024, indicating low feedstock cost for domestic sources [22]. 

 

Circular-economy potential.Several feldspar routes can embed by-product valorization or waste substitution. 

Eggshell-derived CaCl₂ (from biowaste + HCl) has been demonstrated for near-quantitative K recovery, displacing 

virgin reagents [37, 40]. CaCl₂ sourced from acid-leached carbonate ores likewise supports salt-roasting without 

reagent-grade inputs [35]. HF-free flotation schemes reduce hazardous reagents in the concentrate supply chain [26]. 

Alkaline hydrothermal conversion can co-produce zeolitic phases and allows closed-loop caustic recycling (e.g., 

K₂SiO₃ → KOH), tightening mass/energy cycles [7, 15]. 

 

Conclusions: - 
Synthesis of findings. 

Potassium feldspar (K-feldspar) is a widely available aluminosilicate whose polymorphism, micro textures, and 

alteration history govern how readily K⁺ can be mobilized. Processing options span mechanical pre-activation 

(ultrafine grinding/mechanochemistry), thermal roast–leach with salts, alkaline hydrothermal/chemical conversion 

(subcritical autoclaves), and biological/organic-ligand routes. Mechanical activation reliably increases interfacial 

reactivity; salt roasting can deliver the highest K recoveries but at high thermal loads; alkaline hydrothermal 

processing achieves deep structural decomposition at moderate temperatures with opportunities for caustic recycling 

and by-product (zeolitic/C-A-S-H) co-production; biological and organic-acid approaches are low-impact but 

slower, and work best when paired with mechanical pre-activation. 

 

Perspectives for sustainable agriculture: 

Across pot and field studies, feldspar-based materials function as controlled-release K sources: short-term responses 

often trail KCl/K₂SO₄, but residual supply to subsequent cuts/crops is a consistent advantage. Blending strategies 

(e.g., feldspathic rock + a small fraction of KCl) can match soluble salts agronomically while reducing K leaching, 

especially in sandy, high-rainfall systems. Environmentally, the principal levers to lower GHG intensity are (i) 

temperature/heat source (electrification, heat recovery), (ii) closed-loop alkali and salt management, and (iii) HF-

free concentration flowsheets upstream. Economically, feedstock costs are modest; competitiveness depends on 

energy, reagent loops, and logistics (co-location, selective mining), with circular-economy options (waste-derived 

CaCl₂, co-product valorization) further improving viability. 

 

Future researchneeds: 

 Multi-site, multi-season trials benchmarking feldspar-based products against KCl/K₂SO₄ across soils, climates, 

and crops, tracking both yield and K uptake. 

 Standardized release metrics and QC (e.g., citric/water solubility, kinetic tests) aligned with regulatory 

frameworks, plus granulation/formulation studies for field handling. 

 Techno-economic assessment (TEA) and life-cycle assessment (LCA) reported as kg CO₂e per kg of plant-

available K, not just per kg product. 

 Scale-up of alkaline hydrothermal routes with corrosion-resistant materials, caustic recovery loops (e.g., 

K₂SiO₃→KOH), and valorization of zeolitic/C-A-S-H co-products. 

 Decarbonized roast–leach variants: lower-T salt mixes, waste-derived CaCl₂, and heat 

integration/electrification. 

 Mechanistic linking from micro/nano interfacial transformation to field K availability, integrating dissolution–

precipitation kinetics and soil solution chemistry. 

 Bio-routes optimization (microbial consortia, organic ligands) is coupled to mechanochemical pre-activation to 

shorten residence time at scale. 

 Soil–plant–microbiome interactions and leaching/runoff studies to quantify environmental trade-offs and long-

term soil health impacts. 

 Impurity management (trace metals, halides) and regulatory compliance for safe, consistent products. 
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 Adoption and logistics analyses (on-farm blending with soluble K, placement/timing strategies) to translate 

process gains into reliable agronomic performance. 

 

Overall, K-feldspar shows credible potential as a local, lower-leaching, controlled-release potassium source within 

sustainable nutrient strategies—if process efficiency, product standardization, and agronomic management are 

advanced in parallel. 

 

Reference:- 

1. CHEN M, Gong L, Schott J, Lu P, Chen K, Yuan H, et al. Coupled feldspar dissolution and secondary mineral 

precipitation in batch systems: 6. Labradorite dissolution, calcite growth, and clay precipitation at 60 °C and ph 

8.2–8.4. Geochimcosmochim Acta. 2025 Feb 1;390:181-198. Doi:10.1016/j.gca.2024.11.030. 

2. FAO. Use of phosphate rocks for sustainable agriculture. FAO Fertilizer and Plant Nutrition Bulletin, n. 17, 

2020. Available at: https://www.fao.org/3/a1595e/a1595e.pdf. Accessed on: 12 Jul. 2024. 

3. United States Geological Survey. Potash: mineral commodity summaries 2023. Reston (VA): US Department of 

the Interior; 2023. Available from: https://doi.org/10.3133/mcs2023. 

4. DIÁRIO DO COMÉRCIO. Importação de fertilizantes no Brasil bate recorde em 2023. Diário do Comércio, 

2023. Availableat: https://diariodocomercio.com.br/agronegocio/importacao-fertilizantes-brasil-recorde-2023. 

Accessed on: 10 Jul. 2024. 

5. FT.COM. Global fertilizer outlook: 3 2023. Financial Times, 2024. Available at: 

https://www.ft.com/content/43abcfc0-d33a-483e-bf83-2282cdd17ca8. Accessed on: 12 Jul. 2024. 

6. VERDE AGRITECH PLC. Process for obtaining thermofertilizers and the product obtained. 

BR102017016153B1, 2022. Available at: https://patents.google.com/patent/BR102017016153B1. Accessed on: 

10 Jul. 2024. 

7. ZHAI, Y.; HELLMANN, R.; CAMPOS, A.; FINDLING, N.; MAYANNA, S.; WIRTH, R.; SCHREIBER, A.; 

CABIÉ, M.; ZENG, Q.; LIU, S.; LIU, J. Fertilizer derived from alkaline hydrothermal alteration of K-feldspar: 

A micrometer to nanometer-scale investigation of K in secondary reaction products and the feldspar interface. 

Applied Geochemistry, v. 126, 104828, 2021. DOI: 10.1016/j.apgeochem.2020.104828. 

8. NURDIANA A, OKAMOTO A, UNO M, TSUCHIYA N. Porosity generation via spatially uncoupled 

dissolution-precipitation during plagioclase replacement in quartz-undersaturated fluids. Contrib Mineral Petrol. 

2024;179(10):1-17. Doi:10.1007/s00410-023-02109-6. 

9. CICERI, D; ALLANORE, A. Nutrient release from K-feldspar ore under hydrothermal conditions. Chemical 

Papers, v. 74, n. 2, p. 431–440, 2020. DOI: 10.1007/s11696-019-00887-7. 

10. VIKRE, P.; JOHN, D. A.; WINTZER, N. E.; KOUTZ, F.; GRAYBEAL, F.; DAIL, C.; ANNIS, D. C. Critical 

minerals in subduction-related magmatic-hydrothermal systems of the United States. U.S. Geological Survey 

Scientific Investigations Report 2023–5082, 110 p., 2023. . Available at: 

https://pubs.usgs.gov/sir/2023/5082/sir20235082.pdf? Accessed on: 01 Aug. 2025. 

11. WELTI, A.; LOHMANN, U.; KANJI, Z. A. Ice nucleation properties of K-feldspar polymorphs and plagioclase 

feldspars. Atmospheric Chemistry and Physics, v. 19, p. 10901–10918, 2019. DOI: 10.5194/acp-19-10901-

2019. 

12. PERKINS, D.; HESSELBO, S.; NELSON, S. Mineralogy of Igneous Rocks and Silicate Minerals. Geology 

libretexts, 2022. Available at: 

https://geo.libretexts.org/Bookshelves/Geology/Mineralogy_%28Perkins_et_al.%29/06%3A_Igneous_Rocks_a

nd_Silicate_Minerals/6.04%3A_Silicate_Minerals/6.4.03%3A_Feldspars. Accessed on: 12 Aug. 2025. 

13. HUDSON F, NICKEL E. Feldspar: chemical composition [Internet]. Hudson Institute of Mineralogy – 

Mindat.org. 2023 [cited 2025 Aug 12]. Available from: https://www.mindat.org/min-1576.html. 

14. DEER WA, HOWIE RA, ZUSSMAN J. An introduction to the rock-forming minerals. 4th ed. London: The 

Mineralogical Society; 2023. 498 p. ISBN: 9780903056996. 

15. CHEN, M.; ZHAO, L.; HUANG, Y.; FU, L.; MA, L.; CHEN, K.; GU, Z. Review on K-feldspar mineral 

processing for extracting metallic potassium as a fertilizer resource. Minerals, v. 14, n. 2, 168, 2024. DOI: 

10.3390/min14020168 

16. WU, Y.; LI, L.; LIU, X.; WANG, Y.; LI, M. Decomposition of K-feldspar by potassium hydroxide solution in a 

hydrothermal system. Minerals Engineering, v. 178, 107392, 2022. DOI: 10.1016/j.mineng.2022.107392 

17. U.S. GEOLOGICAL SURVEY. Mineral Commodity Summaries 2022 – Feldspar. U.S. Geological Survey, Jan. 

2022. Available at: https://pubs.usgs.gov/periodicals/mcs2022/mcs2022-feldspar.pdf. Accessed on: 12 Aug. 

2025. 

https://www.fao.org/3/a1595e/a1595e.pdf
https://doi.org/10.3133/mcs2023
https://diariodocomercio.com.br/agronegocio/importacao-fertilizantes-brasil-recorde-2023
https://www.ft.com/content/43abcfc0-d33a-483e-bf83-2282cdd17ca8
https://patents.google.com/patent/BR102017016153B1


ISSN:(O) 2320-5407, ISSN(P) 3107-4928                   Int. J. Adv. Res. 13(08), August-2025, 492-502 

501 

 

18. PETRISHCHEVA E, HEUSER D, ABART R. Coherent lamellar intergrowth in alkali feldspar. Contrib 

Mineral Petrol. 2023;178:77. Doi:10.1007/s00410-023-02059-z. 

19. LANGE, I.; TORO, M.; ARVIDSON, R.S.; KURGANSKAYA, I.; LÜTTGE, A. The role of crystal 

heterogeneity in alkali feldspar dissolution kinetics. Geochimica et Cosmochimica Acta, v. 304, p. 255-270, 

2021. DOI: https://doi.org/10.1016/j.gca.2021.06.032. 

20. EL TOHAMY, A. M. Hydrothermal alteration processes in monzogranite: a case study from the Eastern Desert 

of Egypt: implications from remote sensing, geochemistry and mineralogy. Geochemical Transactions, v. 25, n. 

6, 2024. DOI: 10.1186/s12932-024-00089-5 

21. ADEKIYA, A.O.; AJAYI, G.A.; ADEGBITE, K.A.; IMHANZE, F.L.; IBABA, A. L. Mineralogical 

compositions of soils under three geological formations in southwest Nigeria. Scientific African, v. 19, e01703, 

2023 (published online 2024). DOI: https://doi.org/10.1038/s41598-024-57397-0. 

22. U.S. GEOLOGICAL SURVEY (USGS). Feldspar and Nepheline Syenite. In: Mineral Commodity Summaries 

2025. Reston, VA: USGS, Jan. 2025. Available at: https://pubs.usgs.gov/periodicals/mcs2025/mcs2025-

feldspar.pdf. Accessed on: 12 Aug. 2025 

23. United States Geological Survey. Potash: mineral commodity summaries 2022. Reston (VA): US Department of 

the Interior; 2022. Available from: https://doi.org/10.3133/mcs2022. 

24. Agência Nacional de Mineração. Relatório anual de segurança de barragens de mineração 2023. Brasília (DF): 

ANM; 2023. Disponível em: https://www.gov.br/anm/pt-br/assuntos/barragens/relatorios-anuais-de-seguranca-

da-barragens-de-mineracao-2/relatorio-anual-2023-final-1.pdf. 

25. SUN, N.; SUN, W.; GUAN, Q.; WANG, L. Green and sustainable recovery of feldspar and quartz via HF-free 

flotation: A review. Minerals Engineering, v. 201, 108018, 2023. 

Https://doi.org/10.1016/j.mineng.2023.108351. 

26. MOHANTY, K.; OLIVA, J.; ALFONSO, P.; SAMPAIO, C.H. ANTICOI, H. A comparative study of quartz 

and potassium feldspar flotation under diluted HF with different frothers. Minerals, v. 14, n. 2, 167, 2024. DOI: 

10.3390/min14020167 

27. Hatch Ltd. Comminution [Internet]. Insights: Services and Technologies. 2025 [cited 2025 Aug 15]. Available 

from: https://www.hatch.com/Expertise/Services-and-Technologies/Comminution?. 

28. Coalition for Eco-Efficient Comminution. Why comminution energy efficiency matters [Internet]. CEEC; 2021 

[cited 2025 Aug 15]. Available from: https://www.ceecthefuture.org. 

29. ZHANG, X.; HE, Z.; JIA, W.; MENG, F.; ZHANG, W.; LU, C.; HAO, X.; GAI, G.; HUANG, Z.; XU, M.; 

WANG, K.; YUN, S. Mechanism of potassium release from feldspar by mechanical activation in presence of 

additives at ordinary temperatures. Materials, v. 17, n. 1, 144, 2024. DOI: 10.3390/ma17010144. 

30. SCHOTT, J.; SALDI, G. D.; ZHU, C.; GONG, L.; CHEN, K. Mechanisms controlling albite 

dissolution/precipitation at near-equilibrium conditions. Geochimica et Cosmochimica Acta, 2024. DOI: 

https://doi.org/10.1016/j.gca.2024.03.023. 

31. LIN, S.M.; YU, Y.L.; ZHONG, M.F.; YANG, H.; ZHANG, C.Y.; ZHANG, Z.J.; WU, Y.Y.The dissolution 

behavior of feldspar minerals in various low-molecular-weight organic acids. Materials, v. 16, n. 20, 6704, 

2023. DOI: 10.3390/ma16206704. 

32. ZHU C, Rimstidt JD, Zhang Y, Kang J, Lu P, Wang H, et al. Decoupling feldspar dissolution and precipitation 

rates at near-equilibrium with Si isotope tracers: implications for modeling silicate weathering. 

Geochimcosmochim Acta. 2020;271:63-78. Doi:10.1016/j.gca.2019.12.024. 

33. XU, J.; YUAN, G.; CAO, Y.; JIN, Z.; LIU, K. Feldspar dissolution rates and controlling factors under near-

equilibrium conditions in subsurface settings. Science China Earth Sciences, 2025. DOI: 10.1007/s11430-024-

1608-7.  

34. LODI, L. A.; KLAIC, R.; RIBEIRO, C.; FARINAS, C. S. A green K-fertilizer using mechanical activation to 

improve the solubilization of a low-reactivity potassium mineral by Aspergillus niger. Bioresource Technology 

Reports, v. 15, 100711, 2021. DOI: 10.1016/j.biteb.2021.100711. 

35. TÜRK, T.; ÜÇERLER, Z.; BURAT, F.; BULUT, G.; KANGAL, M. O. Extraction of potassium from feldspar 

by roasting with cacl₂ obtained from the acidic leaching of wollastonite-calcite ore. Minerals, v. 11, 1369, 2021. 

DOI: 10.3390/min11121369. 

36. TÜRK, T.; KANGAL, M. O. Extraction of kcl from potassium feldspar by various inorganic salts. Minerals, v. 

13, 1342, 2023. DOI: 10.3390/min13101342 

37. SAMANTRAY, J.; ANAND, A.; DASH, B.; GHOSH, M. K.; BEHERA, A. K. Sustainable process for the 

extraction of potassium from feldspar using eggshell powder. ACS Omega, v. 5, p. 14990–14998, 2020. DOI: 

10.1021/acsomega.0c00586 

https://doi.org/10.1016/j.gca.2021.06.032
https://doi.org/10.1038/s41598-024-57397-0
https://pubs.usgs.gov/periodicals/mcs2025/mcs2025-feldspar.pdf
https://pubs.usgs.gov/periodicals/mcs2025/mcs2025-feldspar.pdf
https://doi.org/10.3133/mcs2022
https://www.gov.br/anm/pt-br/assuntos/barragens/relatorios-anuais-de-seguranca-da-barragens-de-mineracao-2/relatorio-anual-2023-final-1.pdf
https://www.gov.br/anm/pt-br/assuntos/barragens/relatorios-anuais-de-seguranca-da-barragens-de-mineracao-2/relatorio-anual-2023-final-1.pdf
https://www.hatch.com/Expertise/Services-and-Technologies/Comminution?
https://www.ceecthefuture.org/
https://doi.org/10.1016/j.gca.2024.03.023


ISSN:(O) 2320-5407, ISSN(P) 3107-4928                   Int. J. Adv. Res. 13(08), August-2025, 492-502 

502 

 

38. ASHRAFI-SAIEDLOU, S.; MOHAMMADI, S.; CHERAGHAMI, N.; RASHIDI, S. Aspergillus niger as an 

eco-friendly agent for potassium release from K-bearing minerals. Heliyon, v. 10, e29117, 2024. DOI: 

10.1016/j.heliyon.2024.e29117 

39. ALLEN, M. Mining Energy Consumption 2021: A high-level study into mining energy use for the key mineral 

commodities of the future. Singapore: engeco Pte Ltd, 2021. Report commissioned by The Weir Group PLC. 

Available at: chrome-

extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.global.weir/globalassets/resources/product-

pdfs/enduron/weir-minerals-engeco-mining-energy-consumption-2021.pdf Accessed on: 11 Aug. 2025. 

40. MBISSIK, A.; KHIARI, L.; RAJI, O.; ELGHALI, A.; LAJILI, A.; OUABID, M.; JEMO, M.; BODINIER, J.L. 

Potassium fertilizer value of raw and hydrothermally treated igneous rocks. Journal of Soil Science and Plant 

Nutrition, v. 23, p. 1030–1045, 2023. DOI: 10.1007/s42729-022-01101-6. 

41. SHAHVAROOGHI FARAHANI, S.; ZAMANIFARD, H.; TAKI, M. Assessing the energy load and 

environmental footprint of potash fertilizer production in Iran. PLOS ONE, v. 19, n. 11, e0313129, 2024. DOI: 

10.1371/journal.pone.0313129 

42. RIBEIRO, P.G.; ARAGÃO, O.S.; MARTINS, G.C.; RODRIGUES, M.; SOUZA, J.M. P.; MOREIRA, F.M. S.; 

LI, Y.C.; GUILHERME, L.R. G. Hydrothermally altered feldspar reduces metal toxicity and promotes plant 

growth in highly metal-contaminated soils. Chemosphere, v. 286, 131768, 2022. DOI: 

10.1016/j.chemosphere.2021.131768 

43. MOHAMMED, K. A. S.; EID, M. S. M.; USMAN, A. R.. Enhancing the agronomic performance of potassium 

fertilizer and its impact on wheat productivity under arid conditions. Assiut Journal of Agricultural Sciences, v. 

55, n. 1, p. 236–254, 2023. Available at: 

https://ajas.journals.ekb.eg/article_334755_553416c7b006387a30ef390c6aa386be.pdf. Accessed: Aug. 12, 

2025 

44. SILVEIRA, C.P.; SOARES, J.R.; MONTES, R.M.; SAVIETO, J.; OTTO, R. Blending potassium rocks with 

kcl fertilizer to enhance crop biomass and reduce K leaching in sandy soil. Soil Systems, v. 9, n. 3, 83, 2025. 

DOI: 10.3390/soilsystems9030083 

 

 

 

https://ajas.journals.ekb.eg/article_334755_553416c7b006387a30ef390c6aa386be.pdf

