
The Biochemical Extraction of Culinary 
Bone Broth and the Thermochemical 
Valorization of Bone Waste for 
Agricultural Phosphorus 
Supplementation 
The utilization of bovine, porcine, and avian osteological structures represents a continuous 
biochemical and thermochemical cascade that perfectly exemplifies the circular bioeconomy. 
This extensive lifecycle begins in the high-throughput abattoir, progresses to the culinary sector 
via the aqueous extraction of proteins and minerals to produce bone broth, and concludes in the 
agricultural sector with the high-temperature calcination of the residual waste. The resulting 
product, bone ash, serves as a highly concentrated, biologically derived phosphorus fertilizer. 
The analysis presented herein provides an exhaustive examination of the physical chemistry, 
neuroanatomy, thermodynamics, and agronomic implications of this entire continuum. It 
explores the upstream sanitary procurement of bones, the kinetics of collagen hydrolysis during 
culinary simmering, the thermogravimetric decomposition of the organic matrix during 
calcination, the crystallographic phase transformations of hydroxyapatite, and the regulatory 
dynamics governing the use of bone-derived fertilizers in modern agriculture. 

Upstream Procurement and Sanitary Preparation of 
Osteological Raw Materials 
The integrity and safety of the final bone broth and subsequent bone ash rely entirely on the 
sanitary conversion of a living animal into a sterile carcass. The extraction of pristine 
osteological material requires a highly orchestrated application of neuroanatomy, biomechanical 
engineering, and microbiological control to prevent the translocation of enteric pathogens, such 
as Escherichia coli O157:H7 and Salmonella spp., into the sterile tissues1. 
The process commences with the humane dispatch of the animal, achieved via a penetrating 
captive bolt (PCB). To overcome the profound biomechanical resistance of the bovine cranial 
osteology—which features expansive, cavernous frontal sinuses acting as crumple zones—the 
PCB must generate between 300 and 500 Joules of kinetic energy1. Propelled at velocities 
exceeding 55 meters per second, the bolt macerates the Ascending Reticular Activating System 
(ARAS), globally depolarizing neuronal membranes and triggering an acute rise in intracranial 
pressure to ensure immediate insensibility1. 
Following the stun, exsanguination must be executed within a maximum of 60 seconds to utilize 
the residual pumping action of the heart, rapidly inducing hypovolemic shock1. A thoracic stick, 
which severs the brachiocephalic and bicarotid trunks directly at the aortic arch, is the optimal 
methodology. This prevents the formation of false aneurysms caused by arterial retraction and 



rapidly drains the vertebral anastomoses1. To prevent the introduction of hide-borne pathogens 
into the bloodstream, a universal two-knife system is mandated, wherein a primary knife reflects 
the contaminated hide and a secondary, sterilized knife severs the vasculature1. 
Because the hide is the principal reservoir for pathogenic bacteria, rigorous pre-flaying 
interventions are deployed. The localized application of organic acids, such as 5.0% acetic acid 
or 6.0% lactic acid, alters the surface pH, disrupting the proton motive force of bacterial cell 
membranes and achieving significant logarithmic reductions in Aerobic Plate Counts1. 
Subsequently, the carcass undergoes vertical suspension, and mechanical downward hide 
pullers are utilized1. To counteract the massive kinetic tension exerted on the spinal column 
during downward pulling, which can result in vertebral fracturing, electrical stimulation probes 
induce tetanic muscle contractions, effectively splinting the spine1. 
The most critical sanitary intervention prior to bone harvesting is the hermetic sealing of the 
gastrointestinal tract. The bovine rumen and lower intestines harbor massive volumes of 
bacteria-laden ingesta and fecal matter1. The esophagus (weasand) is manually separated from 
the trachea and occluded using a specialized rodder and a high-density polymer clip, stripping 
residual ingesta backward into the rumen1. Simultaneously, the rectum (bung) undergoes 
pre-wash bagging, where a sterile plastic bag is inverted over the terminal colon and tightly 
ligated, preventing the aerosolization of fecal matter during subsequent high-pressure carcass 
washes1. 
To mitigate the transmission of Bovine Spongiform Encephalopathy (BSE) and variant 
Creutzfeldt-Jakob disease (vCJD), international regulatory frameworks explicitly mandate the 
complete extraction of Specified Risk Material (SRM), including the brain and spinal cord1. 
Following the longitudinal splitting of the vertebral column with high-speed band saws, 
specialized pneumatic vacuum systems trace the spinal cavity, extracting the delicate dura 
mater and cord tissue directly into sealed containment vessels1. This rigorous hazard mitigation 
ensures that the remaining osteological structures are highly sterile, neurologically safe, and 
suitable for subsequent culinary extraction. 

The Biochemical and Culinary Extraction of Bone 
Broth 
The preparation of bone broth is fundamentally a prolonged aqueous extraction process 
designed to solubilize the organic and inorganic components of the bone matrix and its 
associated connective tissues. The primary objectives are the thermal depolymerization of 
collagen into gelatin and bioactive peptides, the rendering of bone marrow lipids, and the 
mobilization of lattice-bound minerals into the aqueous solvent2. 

Osteological Selection and Thermal Pretreatment 
The biochemical yield of the broth is heavily dependent on the anatomical origin of the bones 
utilized. Knuckle and joint bones, which possess a maximum density of cartilaginous connective 
tissue, yield the highest concentrations of gelatin2. Conversely, femur center-cut marrow bones 
provide a rich profile of lipids and trace minerals, while neck and oxtail bones contribute 
substantial meat residues and connective fascia2. A standard artisanal formulation frequently 



employs a balanced matrix, combining equal proportions of knuckle and marrow bones2. 
The optimal extraction protocol typically begins with the dry roasting of raw, pasture-raised 
bones at temperatures approximating 204°C for 35 to 45 minutes2. From a biochemical 
perspective, this thermal pretreatment initiates the Maillard reaction between the residual amino 
acids and reducing sugars present in the adhering muscle and connective tissues. This reaction 
generates advanced glycation end-products and volatile heterocyclic compounds that impart a 
deep, caramelized amber hue and an intense umami flavor profile to the final matrix2. 
Furthermore, dry heat causes the structural collapse of the outer cancellous bone, significantly 
increasing the effective surface area available for subsequent aqueous hydrolysis2. 
 

Extraction Apparatus Operating Parameters Hydrolytic Impact 

Electric Pressure Cooker 15 PSI at 121°C Rapid, aggressive 
extraction; extreme collagen 
degradation2 

Heavy-Duty Stockpot Sub-simmer at 85°C - 96°C Artisanal clarity; steady, 
controlled gelatin release2 

Ceramic Slow Cooker Low setting at 90.5°C Prolonged, gentle thermal 
hydrolysis2 

Hydrolysis Kinetics: Collagen, Gelatin, and Bioactive Peptides 
The structural integrity of bone and cartilage is overwhelmingly reliant on Type I and Type II 
collagen, which exist as tightly wound triple helices stabilized by dense intermolecular 
cross-linking and hydrogen bonds3. The culinary extraction of these structural proteins is a 
complex function of time, temperature, and pH3. 
During the initial stages of simmering, as temperatures reach the critical threshold of 57°C to 
62°C, the non-covalent bonds stabilizing the collagen fibrils begin to rupture, causing the triple 
helix to unwind3. If the extraction medium is agitated at this stage, little to no foam is produced, 
as the intact collagen fibers remain highly insoluble3. As the thermal application is maintained 
between 70°C and 100°C for extended periods, typically ranging from 6 to 8 hours, the unwound 
collagen chains undergo primary thermal hydrolysis, cleaving into soluble, 
high-molecular-weight protein chains universally recognized as gelatin3. Gelatin possesses 
exceptional water-binding capabilities; a broth dominated by gelatin will set into a firm, rigid gel 
upon cooling3. When stirred vigorously, a gelatin-rich broth produces a light, transient foam, 
reflecting the balance between protein size and surface activity3. 
If the thermal application is prolonged to the optimal range of 12 to 24 hours, or if the solution is 
subjected to adequate acidification, the gelatin undergoes secondary peptide bond cleavage3. 
This advanced hydrolysis produces much shorter protein fragments known as collagen 
peptides3. Unlike gelatin, these low-molecular-weight peptides lack the structural magnitude 



required to form a gel matrix upon cooling; consequently, a peptide-dominated broth remains 
entirely liquid at refrigerated temperatures and produces a highly persistent foam when 
agitated3. The extraction of these specific amino acids—predominantly glycine, proline, 
hydroxyproline, and glutamine—is a primary nutritional objective3. Clinical literature indicates 
that up to 90% of hydrolyzed collagen peptides are rapidly absorbed in the small intestine, 
acting as direct metabolic substrates for endogenous collagen synthesis, the maintenance of 
articular cartilage resilience, and the repair of the intestinal mucosal shield3. 

Aqueous Acidification and Hydroxyapatite Demineralization 
The inorganic phase of the bone consists primarily of biological hydroxyapatite, a calcium 

phosphate mineral with the idealized chemical formula 3. Because 
highly crystalline hydroxyapatite exhibits exceptionally low solubility in neutral or slightly alkaline 
water, the mere boiling of bones yields a broth with negligible mineral content3. 
To overcome this thermodynamic barrier and maximize mineral yield, culinary extraction 
protocols universally employ targeted acidification. The addition of acetic acid (e.g., apple cider 
vinegar), citric acid (lemon juice), or tartaric acid (wine) artificially lowers the pH of the extraction 
solvent2. The dissolution of hydroxyapatite in acidic media is driven by the rapid consumption of 
lattice hydroxyl ions and the aggressive protonation of phosphate groups, governing the 
following general stoichiometric reaction10: 

 
Experimental data demonstrates the profound efficacy of this manipulation. Reducing the broth 
pH from an alkaline baseline of 8.38 to a slightly acidic state of 5.32 significantly increases the 
mass transfer of minerals from the bone matrix into the aqueous phase12. Specifically, calcium 
and magnesium extraction can increase by factors of 17.4 and 15.3, respectively, under 
acidified conditions13. Extended cooking durations exceeding 8 hours also correlate positively 
with total mineral yield, as the continuous thermal degradation of the surrounding organic 
collagen matrix gradually exposes deeper, previously shielded regions of the inorganic 
hydroxyapatite lattice to the acidic solvent6. Following the completion of the 24-hour hydrolysis 
phase, the broth is strained and chilled, allowing the rendered lipids to solidify on the surface. 
This golden tallow cap is physically harvested, leaving the purified, protein-dense gelatin broth 
beneath2. 

Toxicological Considerations: Heavy Metal Mobilization 
While the extraction of essential minerals such as calcium, magnesium, and phosphorus is 
nutritionally desired, the mammalian bone matrix also functions as an endogenous biological 
sink for toxic heavy metals, most notably lead (Pb) and cadmium (Cd)13. Lead, possessing an 
ionic radius highly similar to that of calcium, undergoes isomorphic substitution within the 
hydroxyapatite lattice over the course of the animal's lifespan13. 



When bones are subjected to prolonged, acidified hydrothermal extraction, these sequestered 
heavy metals are inevitably mobilized alongside the calcium. Early toxicological assessments of 
bone broth generated significant public health concerns; one highly publicized study indicated 
that chicken bone broth contained lead concentrations up to 10 times higher than the control tap 
water, particularly when the broth utilized skin and cartilage alongside the bone15. 
However, subsequent, highly rigorous quantitative analyses have clarified the toxicological 
reality. While lead and cadmium are unequivocally extracted, their absolute concentrations per 
typical dietary serving remain remarkably low—generally in the range of a few micrograms, 
which corresponds to less than 5% of the daily recommended safety thresholds established by 
regulatory bodies13. The trace presence of these metals underscores the paramount importance 
of sourcing bones exclusively from livestock reared in low-pollution environments, as the 
specific bioaccumulation of heavy metals in the source animal directly dictates the safety and 
toxicological profile of the resulting culinary extract16. 

Thermochemical Valorization: Calcination of Waste 
Bones 
Following the exhaustive culinary extraction process, the residual bone matrix—depleted of its 
soluble collagen, marrow lipids, and trace minerals, but retaining the vast majority of its 
refractory inorganic hydroxyapatite framework—constitutes a high-volume biological waste 
stream19. Rather than relegating this material to landfills or low-value rendering applications, 
modern agro-industrial frameworks valorize these spent bones through intense thermal 
decomposition, known as calcination, to produce bone ash19. This process fundamentally alters 
the physical chemistry of the material, yielding a highly concentrated, sterile calcium phosphate 
ceramic suitable for advanced agricultural integration22. 

Decomposition Kinetics and Thermogravimetric Analysis (TGA) 
The transition from a hydrated, proteinaceous bone fragment to pure inorganic bone ash 
involves a highly complex sequence of endothermic and exothermic reactions19. The precise 
kinetics of this degradation are mapped utilizing Thermogravimetric Analysis (TGA) coupled with 
Differential Scanning Calorimetry (DSC), frequently employing mathematical models such as the 
Ozawa-Flynn-Wall formula or the Coats-Redfern integral method24. 
The thermal decomposition profile of mammalian bone exhibits distinct, temperature-dependent 
stages of mass loss19: 

1.​ Ambient to 200°C: The initial stage involves the endothermic vaporization of superficially 
bound water and structural water trapped within the micropores of the bone matrix. This 
highly predictable phase accounts for an approximate 4% to 5% mass reduction19. 

2.​ 200°C to 600°C: This intermediate thermal regime is characterized by the massive 
pyrolytic degradation of the remaining organic constituents, primarily highly cross-linked 
collagen residues and refractory structural lipids19. The conformational change of the 
remaining collagen molecules from a triple helix to a random coil occurs near 237°C (510 
K), followed by massive bulk deterioration around 327°C (600 K)25. The viscous 
movement of the fibrils during this early degradation exhibits an Arrhenius activation 



energy ( ) ranging between  kJ/mol and 170 kJ/mol, depending on the 
specific heating gradient25. The volatilization of these complex organics produces a 
cascade of distinct color changes in the bone material, shifting from brownish to black, 
then to charcoal, and finally to dark ash gray, corresponding to the progressive 
carbonization of the organic matrix19. Total mass loss during this phase approaches 
30%19. 

3.​ 600°C to 1000°C+: At these elevated temperatures, the residual carbon is completely 

oxidized into , leaving a pristine white, purely inorganic bone ash19. Furthermore, 

as temperatures surpass 700°C, the structural carbonate ( ) that is naturally 
substituted within the biological hydroxyapatite lattice begins to undergo severe thermal 
decomposition, releasing additional carbon dioxide and causing minor secondary mass 
losses30. 

Crystallographic Phase Transformations 
Biological bone mineral in its native state is a non-stoichiometric, poorly crystalline, carbonated 
hydroxyapatite29. During calcination, the application of extreme thermal energy initiates 
profound crystallographic restructuring and phase purification. 
As the calcination temperature increases from 650°C to 900°C, the thermal energy supplied to 
the system rapidly overcomes the activation barrier for atomic diffusion31. This prompts the 
amorphous regions of the bone to crystallize, while existing crystallites undergo significant 
growth (Ostwald ripening). X-ray Diffraction (XRD) analyses of bone calcined at 650°C reveal 
the emergence of sharp, highly defined diffraction peaks corresponding strictly to the 

hydroxyapatite phase, most notably at  and 31. The 
crystallinity index improves drastically, rising from approximately 29.8% at 650°C to over 68% at 
900°C31. Concurrently, the average crystallite size—determinable via the Scherrer equation (

) or advanced modified models—increases proportionally with the 
thermal gradient, growing from roughly 23 nanometers in low-temperature states to over 90 
nanometers at extreme temperatures24. 
However, pure hydroxyapatite exhibits severe thermodynamic instability at excessively high 
temperatures31. When calcination temperatures reach or exceed 900°C to 1000°C, the 
aggressive dehydroxylation of the hydroxyapatite lattice initiates a partial phase transition, 

thermally decomposing the material into -tricalcium phosphate ( -TCP, )31. 
The global reaction for this high-temperature decomposition can be simplified as follows35: 

 



The resultant product is a biphasic calcium phosphate (BCP) ceramic consisting of both highly 

stable HAp and readily resorbable -TCP35. Because -TCP possesses a significantly higher 
aqueous solubility than highly crystalline HAp, the intentional generation of these biphasic 
matrices via controlled high-temperature calcination is a critical engineering parameter for 
tailoring the specific dissolution kinetics of the final fertilizer product31. 

Evolution of Physicochemical Surface Properties 
Fourier Transform Infrared Spectroscopy (FTIR) confirms the progressive, total elimination of 
organic functional groups during calcination23. In raw bone, broad absorption bands in the 

 cm$^{-1}$ region, indicating hydrogen-bonded , and the  

cm$^{-1}$ region, indicating aliphatic  stretching from collagen, dominate the 
spectrum29. Post-calcination, these organic bands are entirely eradicated23. The resulting 

spectra are characterized by highly distinct, sharp peaks denoting the orthophosphate (

) vibrations at approximately  and  cm$^{-1}

^{-1}$ and its corresponding librational mode at  cm$^{-1}$29. 
Concurrently, the microstructural geometry of the bone ash undergoes extreme densification. As 
the organic collagen scaffold is burned away, a preliminary network of mesopores is temporarily 
revealed23. However, as sintering temperatures approach 900°C, adjacent hydroxyapatite grains 
physically fuse together. This intense sintering significantly collapses the internal pore structure, 
causing the Brunauer-Emmett-Teller (BET) specific surface area to plummet 
precipitously—dropping from approximately 44 m$^2$/g at 650°C down to a mere 2.6 m$^2$/g 
at 950°C23. This massive reduction in surface area is an essential agronomic consideration, as it 
directly dictates the reactive interfacial area available for subsequent nutrient release within the 
soil matrix23. 
 

Phase Parameter Raw Bone Matrix Calcined Ash 
(650°C) 

Calcined Ash 
(950°C) 

Primary 
Composition 

Collagen, Lipid, 
HAp 

Carbonated 
Hydroxyapatite Biphasic HAp + 

-TCP29 

Crystallinity Index Low (Amorphous) Moderate (~29%) High (>68%)31 

Specific Surface 
Area 

High ~44 m$^2$/g ~2.6 m$^2$/g23 



FTIR Signatures 
 bands (

 cm$^{-1}$) 

Sharp  (

 cm$^{-1}$) 

Distinct  (

 cm$^{-1}$)29 

Industrial Furnace Architecture and Thermodynamic Efficiency 
The industrial scalability of converting millions of tons of waste bones into fertilizer relies heavily 
on the selection and operation of the thermal processing infrastructure. The two primary 
modalities utilized in materials processing are static muffle furnaces and dynamic rotary kilns38. 
Muffle furnaces are highly specialized batch-processing units where the bone waste is placed 
into an isolated, refractory-lined chamber38. These systems excel at providing highly stable, 
uniform temperature environments and exact atmospheric control, making them ideal for 
laboratory synthesis or the production of ultra-high-purity biomedical ceramics38. However, 
because the material remains entirely static during processing, heat transfer occurs primarily via 
conduction and radiation through a stationary packed bed38. This structural limitation severely 
throttles throughput and makes the process highly energy-intensive per kilogram of product, 
relegating muffle furnaces to low-volume applications38. 
For agricultural-scale valorization, rotary kilns represent the undisputed industry standard39. A 
rotary kiln consists of a massive, slightly inclined, rotating cylindrical steel vessel lined with 
advanced refractories39. As the bone waste is fed into the elevated end, the continuous rotation 
constantly tumbles the material, exposing fresh, unreacted surfaces to the high-velocity 
combustion gases and internal radiant heat38. This 360-degree dynamic tumbling facilitates 
highly efficient, uniform convective and conductive heat transfer, enabling massive, continuous 
processing throughputs capable of handling thousands of tons per year38. 
Furthermore, rotary kiln systems operating at industrial scales generate massive volumes of 
high-enthalpy exhaust gases41. To optimize the global energy balance of the facility, these kilns 
are frequently integrated with advanced Heat Recovery Steam Generators (HRSG)41. The latent 
thermal energy stripped from the 950°C exhaust gas is used to generate high-pressure steam, 
which is then routed back into the broader rendering or meat processing facility to completely 
offset the primary energy demands of raw material sterilization, or even the initial culinary broth 
extraction operations41. By incorporating this aggressive heat recovery, the life-cycle energy 
penalty of the calcination process is drastically mitigated, solidifying bone ash as a highly 
sustainable, carbon-efficient alternative to traditional mined phosphate rock44. 

Agronomic Integration: Bone Ash as a Phosphorus 
Fertilizer 
Modern global agriculture is overwhelmingly dependent on the extraction and refinement of 
mined rock phosphate to manufacture the synthetic fertilizers required to sustain global crop 
yields46. However, phosphate rock is a finite, rapidly depleting, non-renewable geological 
resource that is highly geographically concentrated, presenting severe long-term geopolitical 
and global food-security risks46. The thermochemical recycling of animal bones into bone ash 



provides a highly concentrated (up to 42% ), entirely renewable alternative capable of 
supplementing or replacing conventional mineral fertilizers21. 

Thermodynamic Solubility and Database Discrepancies 
The agronomic efficacy of any phosphorus fertilizer is ultimately governed by its thermodynamic 
solubility in the soil solution, which dictates the strict bioavailability of the orthophosphate anion (

 or ) to the plant root system. Bone ash consists predominantly of highly 
crystalline hydroxyapatite, which is known to be sparingly soluble in neutral or alkaline soils49. 
However, predicting the exact dissolution behavior of hydroxyapatite has been historically 
plagued by massive discrepancies within geochemical thermodynamic databases51. Aqueous 
speciation software programs utilize vastly different theoretical values; for instance, the 

PHREEQC database assigns a logarithmic solubility product ( ) of -39.6, while 
THERMO.COM.V8.R6+ assumes -53.9, and Thermo.dat utilizes a derived value closer to -5851. 
These extreme discrepancies—varying by up to 10 orders of magnitude—arise from historical 

experimental challenges involving incongruent dissolution and  contamination51. Modern, 
highly controlled empirical studies have resolved this debate, establishing the true solubility 

product constant ( ) of pure hydroxyapatite at 25°C to be approximately 50. 
Furthermore, the dissolution of solid-solution hydroxyapatite exhibits highly specific temperature 
dependence, transitioning from an endothermic reaction at 5°C and 25°C to an exothermic 
reaction at temperatures exceeding 40°C54. 
 

Thermodynamic Database 
/ Source 

Stated logK for 
Hydroxyapatite 

Relative Accuracy 

PHREEQC (Standard) -39.6 (adjusted to -13.9 for 

) 

Vastly overestimates 
solubility51 

THERMO.COM.V8.R6+ -53.9 Inaccurate derivation51 

Thermo.dat ~ -58 (consistent with Eq 9) Accurate51 

Empirical Consensus 
(25°C)  (

) 

Highly Accurate50 

Because of this exceptionally low baseline solubility, the direct application of highly calcined 
bone ash behaves inherently as a slow-release fertilizer47. This characteristic is highly 



advantageous for preventing catastrophic phosphorus leaching and the subsequent 
eutrophication of surrounding water bodies—a major, well-documented environmental failing of 
highly soluble synthetic fertilizers like Triple Superphosphate (TSP)47. 

Rhizosphere Dynamics and Biological Solubilization 
To ensure that the slow release rate of the bone ash meets the acute nutritional demands of 
rapidly growing crops, the dissolution of the apatite matrix must be biologically mediated within 
the rhizosphere49. 
Plant roots naturally exude low-molecular-weight organic acids—most notably citric acid, malic 
acid, and fumaric acid—in direct response to localized phosphorus deficiency56. These organic 
exudates radically alter the chemical micro-environment of the rhizosphere. First, they 

dramatically lower the localized pH, providing the free protons ( ) required to drive the 
acid-dissolution reaction of the hydroxyapatite36. Second, the carboxylate groups of citric and 
malic acids act as powerful metallic chelating agents56. By forming highly stable, soluble 

complexes with the free  ions released from the bone ash lattice, the organic acids 
continuously pull the dissolution equilibrium to the right, forcing the continuous release of 

 into the surrounding soil solution56. 
Furthermore, the agronomic efficiency of bone ash is drastically amplified by symbiotic soil 
microbiomes, specifically arbuscular mycorrhizal fungi and phosphate-solubilizing bacteria20. 
These microorganisms secrete extracellular phosphatase enzymes and additional organic acids 
that aggressively weather the bone ash particles20. They effectively act as a biological 
infrastructure that transports solubilized phosphorus directly to the host plant's root network, 
vastly expanding the plant's effective absorptive surface area20. Exhaustive field trials 
demonstrate that when bone ash is applied to slightly acidic soils or co-applied with organic 
amendments, its crop-yielding performance equals or occasionally surpasses that of 
conventional rock phosphate, promoting extensive biomass production while fundamentally 
restoring degraded soil phosphorus pools61. 

Heavy Metal Immobilization and Remediation Capability 
Beyond its primary role as a nutrient source, bone ash functions as a highly effective, in-situ 
remediation agent for agricultural soils heavily contaminated with toxic heavy metals, specifically 
cadmium (Cd) and lead (Pb)64. The historical accumulation of these toxic elements in arable 
soils—often severely exacerbated by the widespread historical application of cadmium-laden 
mined rock phosphate—presents a severe threat to global food safety via plant root uptake and 
subsequent bioaccumulation67. 
The application of bone ash to contaminated soils immobilizes these toxic metals through a 
complex combination of physical and chemical mechanisms70. Primarily, the slow dissolution of 

bone ash slightly raises the bulk soil pH due to the release of structural hydroxyl ( ) and 
residual carbonate ions64. This targeted pH elevation increases the net negative charge of the 
soil matrix, enhancing the electrostatic adsorption of heavy metal cations onto clay and organic 



matter70. 
More importantly, bone ash drives the direct chemisorption and precipitation of heavy metals73. 
As the hydroxyapatite slowly dissolves, the released orthophosphate reacts violently with 
available, mobile lead and cadmium in the soil pore water to precipitate highly insoluble 

metal-phosphate minerals, such as pyromorphite ( ) and cadmium 

hydroxyapatite ( )66. Alternatively, due to highly matching ionic radii, free 
cadmium and lead can undergo direct isomorphic substitution, integrating seamlessly into the 
calcium vacancies of the undissolved bone ash lattice73. Through these dual mechanisms, the 
mobile, bioavailable fraction of cadmium and lead is permanently converted into a stable, 
geochemically inert residual fraction, drastically reducing phytotoxicity and preventing the 
translocation of heavy metals into the edible tissues of commercial crops like wheat and 
cabbage66. 

Regulatory Frameworks and Life Cycle Circularity 
Because bone ash is derived directly from animal by-products (ABPs) and is intended for 
large-scale integration into the human food chain via agricultural soils, its production and 
commercialization are governed by extremely stringent international regulations to ensure total 
epidemiological safety and environmental protection75. 
Within the European Union, the commercialization of such fertilizers falls strictly under the 
Fertilising Products Regulation (EU) 2019/100975. Bone ash explicitly aligns with Component 
Material Category 10 (CMC 10: Derived products within the meaning of Regulation (EC) No 
1069/2009) and must undergo rigorous conformity assessments (Module B)78. To definitively 
mitigate the transmission of zoonotic pathogens or BSE prions, the extreme thermal calcination 

parameters (e.g., maintaining material temperatures C) inherently fulfill and vastly 
exceed all sanitary requirements, yielding a completely sterile, pathogen-free inorganic matrix19. 
Furthermore, Regulation (EU) 2019/1009 and equivalent national mandates (such as the 
German Düngemittelverordnung, DüMV) establish remarkably strict maximum threshold limits 
for toxic trace contaminants75. The EU regulation dictates maximum heavy metal concentrations 

for solid inorganic macronutrient fertilizers, including cadmium limits of strictly  mg/kg (or 

dependent on  content), lead limits of  mg/kg, and hexavalent chromium limits 

of  mg/kg76. 
Bone ash inherently possesses a massive regulatory and environmental advantage over mined 
rock phosphate in this regard. Geological phosphate deposits frequently contain localized 
cadmium and uranium concentrations that vastly exceed these regulatory thresholds, 
necessitating highly expensive and chemically hazardous decadmation processes prior to 
agricultural use47. In sharp contrast, because bone ash is biologically derived from livestock, its 
baseline heavy metal content is naturally constrained by mammalian physiological limits, 
ensuring that the final calcined product easily, and cleanly, complies with these stringent 



ecological safety standards84. 
Life Cycle Assessments (LCA) evaluating the environmental impact of this closed-loop system 
demonstrate profound ecological advantages41. While the operation of rotary kilns at 1000°C 
requires substantial initial energy inputs, the production of bone ash directly offsets the severe 
ecological destruction, toxic heavy metal pollution, and extensive fossil fuel consumption 
intrinsically associated with the global mining, transport, and chemical processing of finite 
phosphate rock41. Through the implementation of heat recovery systems, the calcination 
process is further optimized, transforming a problematic, high-volume animal waste stream into 
a carbon-efficient, geopolitical secure engine for global agricultural sustainability41. 

Works cited 

1.​ 46 Bovine Carcass Dressing Guide.pdf 
2.​ Grass-Fed Bone Broth Collagen & Gelatin Extraction Optimizer, 

https://www.truenaturemeats.com/pages/bone-broth-collagen-calculator 
3.​ Bone Collagen: From Ancient Broths to Modern Food Science, 

https://earthwormexpress.com/the-meat-factory/meat-science-research/bone-colla
gen-from-ancient-broths-to-modern-food-science/ 

4.​ How can I increase the extraction of gelatin and minerals from bones, 
https://cooking.stackexchange.com/questions/9866/how-can-i-increase-the-extract
ion-of-gelatin-and-minerals-from-bones-into-my-sto 

5.​ BONE BROTH Recipe AND Collagen HYDROLYSATE SCIENCE, 
https://biomeonboardawareness.com/bone-broth-recipe-and-collagen-hydrolysate-
science/ 

6.​ Nutrients in broth - Salsus, https://www.salsus.no/en/health/broth/ 
7.​ Why is bone broth so popular and is it good for you? - Augment Life, 

https://augmentlifeshop.com/blogs/extending-healthy-lifespan/why-is-bone-broth-s
o-popular-and-is-it-good-for-you 

8.​ Muthusundar kumar.pdf - ORBi UMONS, 
https://orbi.umons.ac.be/bitstream/20.500.12907/50365/1/Muthusundar%20kumar.
pdf 

9.​ Facile Extraction of Natural Hydroxyapatite (HA) from Biowaste and, 
https://www.nepjol.info/index.php/pdmdj/article/download/59617/44535/176138 

10.​Film-Forming Polymers for Inhibition of Hydroxyapatite Dissolution, 
https://www.ovid.com/journals/carre/pdf/10.1159/000533546~film-forming-polymer
s-for-inhibition-of-hydroxyapatite 

11.​Kinetics and mechanism of the reaction between hydroxyapatite and, 
https://pubs.acs.org/doi/pdf/10.1021/j100632a023?ref=article_openPDF 

12.​Essential and toxic metals in animal bone broths - ResearchGate, 
https://www.researchgate.net/publication/318532513_Essential_and_toxic_metals
_in_animal_bone_broths 

13.​Essential and toxic metals in animal bone broths - PMC, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC5533136/ 

14.​Bone Broth: Benefits, Nutrition, Dosing, and Side Effects, 

https://www.truenaturemeats.com/pages/bone-broth-collagen-calculator
https://earthwormexpress.com/the-meat-factory/meat-science-research/bone-collagen-from-ancient-broths-to-modern-food-science/
https://earthwormexpress.com/the-meat-factory/meat-science-research/bone-collagen-from-ancient-broths-to-modern-food-science/
https://cooking.stackexchange.com/questions/9866/how-can-i-increase-the-extraction-of-gelatin-and-minerals-from-bones-into-my-sto
https://cooking.stackexchange.com/questions/9866/how-can-i-increase-the-extraction-of-gelatin-and-minerals-from-bones-into-my-sto
https://biomeonboardawareness.com/bone-broth-recipe-and-collagen-hydrolysate-science/
https://biomeonboardawareness.com/bone-broth-recipe-and-collagen-hydrolysate-science/
https://www.salsus.no/en/health/broth/
https://augmentlifeshop.com/blogs/extending-healthy-lifespan/why-is-bone-broth-so-popular-and-is-it-good-for-you
https://augmentlifeshop.com/blogs/extending-healthy-lifespan/why-is-bone-broth-so-popular-and-is-it-good-for-you
https://orbi.umons.ac.be/bitstream/20.500.12907/50365/1/Muthusundar%20kumar.pdf
https://orbi.umons.ac.be/bitstream/20.500.12907/50365/1/Muthusundar%20kumar.pdf
https://www.nepjol.info/index.php/pdmdj/article/download/59617/44535/176138
https://www.ovid.com/journals/carre/pdf/10.1159/000533546~film-forming-polymers-for-inhibition-of-hydroxyapatite
https://www.ovid.com/journals/carre/pdf/10.1159/000533546~film-forming-polymers-for-inhibition-of-hydroxyapatite
https://pubs.acs.org/doi/pdf/10.1021/j100632a023?ref=article_openPDF
https://www.researchgate.net/publication/318532513_Essential_and_toxic_metals_in_animal_bone_broths
https://www.researchgate.net/publication/318532513_Essential_and_toxic_metals_in_animal_bone_broths
https://pmc.ncbi.nlm.nih.gov/articles/PMC5533136/


https://drstanfield.com/blogs/articles/bone-broth-benefits-forms-dosing-and-side-ef
fects 

15.​Bone broth - National Celiac Association, 
https://nationalceliac.org/celiac-disease-questions/bone-broth/ 

16.​Bone Broth – the good, the bad and the delicious. | Fare & Flourish, 
https://fareandflourish.com/bone-broth-the-good-the-bad-and-the-delicious/ 

17.​Collagen - The Nutrition Source, https://nutritionsource.hsph.harvard.edu/collagen/ 
18.​Bone Broth: love it or hate it? - Nutritional Therapy Oxfordshire, 

https://emmamaitland-carew.co.uk/bone-broth-love-hate/ 
19.​Extraction of Hydroxyapatite from Bovine and Human Cortical Bone, 

https://medcraveonline.com/IJCAM/extraction-of-hydroxyapatite-from-bovine-and-
human-cortical-bone-by-thermal-decomposition-and-effect-of-gamma-radiation-a-c
omparative-study.html 

20.​Utilization of alternative phosphorus resources by regenerative, 
https://tore.tuhh.de/bitstream/11420/7707/1/ver%25C3%25B6ffentlichung_elektron
ische%2520version_Diss%2520Jan%2520Wibbing.pdf 

21.​REVIEW ON DIFFERENT PARAMETERS AND USES OF BONE ASH, 
https://www.jetir.org/papers/JETIR2404260.pdf 

22.​Production of Food-Grade Monocalcium Phosphate from Meat-Bone, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC12565605/ 

23.​Preparation of hydroxyapatite from animal bones, 
https://actabio.pwr.edu.pl/d/gGBUKOTtQKxVvA0RqREFBPF0WUXJ7VUFABWdb
ExYbWGFBRAg9RgNtcXccVjU3ClVBDkNEcXleWVMU/64.pdf 

24.​Hydrothermal extraction and physicochemical characterization of, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC10577150/ 

25.​(PDF) Thermal Degradation of Type I Collagen from Bones, 
https://www.researchgate.net/publication/328872484_Thermal_degradation_of_ty
pe_i_collagen_from_bones 

26.​Kinetics of thermal decomposition: calculating the activation energy, 
https://www.bath.ac.uk/publications/application-notes-on-thermal-polymer-charact
erisation/attachments/mc2note-decomposition-kinetics.pdf 

27.​Thermogravimetric analysis and kinetic study on pyrolysis of ... - PMC, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC7126006/ 

28.​Kinetic parameters of biomass pyrolysis by TGA - BioResources, 
https://bioresources.cnr.ncsu.edu/resources/kinetic-parameters-of-biomass-pyroly
sis-by-tga/ 

29.​XRD patterns of raw bone and heat-treated bone samples. –, 
https://www.researchgate.net/figure/RD-patterns-of-raw-bone-and-heat-treated-bo
ne-samples-hydroxyapatite-calcium_fig5_277589309 

30.​TGA analysis of bovine and human bone. - ResearchGate, 
https://www.researchgate.net/figure/TGA-analysis-of-bovine-and-human-bone_fig
1_322036862 

31.​Effect of calcination temperature on the physicochemical properties, 
https://www.researchgate.net/publication/387532610_Effect_of_calcination_tempe
rature_on_the_physicochemical_properties_of_natural_hydroxyapatite_derived_fr

https://drstanfield.com/blogs/articles/bone-broth-benefits-forms-dosing-and-side-effects
https://drstanfield.com/blogs/articles/bone-broth-benefits-forms-dosing-and-side-effects
https://nationalceliac.org/celiac-disease-questions/bone-broth/
https://fareandflourish.com/bone-broth-the-good-the-bad-and-the-delicious/
https://nutritionsource.hsph.harvard.edu/collagen/
https://emmamaitland-carew.co.uk/bone-broth-love-hate/
https://medcraveonline.com/IJCAM/extraction-of-hydroxyapatite-from-bovine-and-human-cortical-bone-by-thermal-decomposition-and-effect-of-gamma-radiation-a-comparative-study.html
https://medcraveonline.com/IJCAM/extraction-of-hydroxyapatite-from-bovine-and-human-cortical-bone-by-thermal-decomposition-and-effect-of-gamma-radiation-a-comparative-study.html
https://medcraveonline.com/IJCAM/extraction-of-hydroxyapatite-from-bovine-and-human-cortical-bone-by-thermal-decomposition-and-effect-of-gamma-radiation-a-comparative-study.html
https://tore.tuhh.de/bitstream/11420/7707/1/ver%25C3%25B6ffentlichung_elektronische%2520version_Diss%2520Jan%2520Wibbing.pdf
https://tore.tuhh.de/bitstream/11420/7707/1/ver%25C3%25B6ffentlichung_elektronische%2520version_Diss%2520Jan%2520Wibbing.pdf
https://www.jetir.org/papers/JETIR2404260.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC12565605/
https://actabio.pwr.edu.pl/d/gGBUKOTtQKxVvA0RqREFBPF0WUXJ7VUFABWdbExYbWGFBRAg9RgNtcXccVjU3ClVBDkNEcXleWVMU/64.pdf
https://actabio.pwr.edu.pl/d/gGBUKOTtQKxVvA0RqREFBPF0WUXJ7VUFABWdbExYbWGFBRAg9RgNtcXccVjU3ClVBDkNEcXleWVMU/64.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC10577150/
https://www.researchgate.net/publication/328872484_Thermal_degradation_of_type_i_collagen_from_bones
https://www.researchgate.net/publication/328872484_Thermal_degradation_of_type_i_collagen_from_bones
https://www.bath.ac.uk/publications/application-notes-on-thermal-polymer-characterisation/attachments/mc2note-decomposition-kinetics.pdf
https://www.bath.ac.uk/publications/application-notes-on-thermal-polymer-characterisation/attachments/mc2note-decomposition-kinetics.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC7126006/
https://bioresources.cnr.ncsu.edu/resources/kinetic-parameters-of-biomass-pyrolysis-by-tga/
https://bioresources.cnr.ncsu.edu/resources/kinetic-parameters-of-biomass-pyrolysis-by-tga/
https://www.researchgate.net/figure/RD-patterns-of-raw-bone-and-heat-treated-bone-samples-hydroxyapatite-calcium_fig5_277589309
https://www.researchgate.net/figure/RD-patterns-of-raw-bone-and-heat-treated-bone-samples-hydroxyapatite-calcium_fig5_277589309
https://www.researchgate.net/figure/TGA-analysis-of-bovine-and-human-bone_fig1_322036862
https://www.researchgate.net/figure/TGA-analysis-of-bovine-and-human-bone_fig1_322036862
https://www.researchgate.net/publication/387532610_Effect_of_calcination_temperature_on_the_physicochemical_properties_of_natural_hydroxyapatite_derived_from_Catla_fish_bone
https://www.researchgate.net/publication/387532610_Effect_of_calcination_temperature_on_the_physicochemical_properties_of_natural_hydroxyapatite_derived_from_Catla_fish_bone


om_Catla_fish_bone 
32.​(PDF) Extraction and Characterization of Novel Natural, 

https://www.researchgate.net/publication/343955767_Extraction_and_Characteriz
ation_of_Novel_Natural_Hydroxyapatite_Bioceramic_by_Thermal_Decomposition
_of_Waste_Ostrich_Bone 

33.​Shape evolution and size controlled synthesis of mesoporous, 
https://pubs.rsc.org/en/content/articlelanding/2014/ra/c4ra06929c 

34.​(PDF) Determination of Crystallite Size in Synthetic and Natural, 
https://www.researchgate.net/publication/269358265_Determination_of_Crystallite
_Size_in_Synthetic_and_Natural_Hydroxyapatite_A_Comparison_between_XRD_
and_TEM_Results 

35.​The Thermal Stability of Hydroxyapatite in Biphasic Calcium, 
https://www.researchgate.net/publication/5946047_The_Thermal_Stability_of_Hyd
roxyapatite_in_Biphasic_Calcium_Phosphate_Ceramics 

36.​Dissolution Rates of Carbonated Hydroxyapatite in Hydrochloric Acid, 
https://www.researchgate.net/publication/11585591_Dissolution_Rates_of_Carbon
ated_Hydroxyapatite_in_Hydrochloric_Acid 

37.​Facet-Controlled Growth of Hydroxyapatite for Effectively Removing, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC10795148/ 

38.​How Do Rotary Furnaces Compare To Muffle Furnaces? Choose, 
https://kintekfurnace.com/faqs/how-do-rotary-furnaces-compare-to-muffle-furnaces 

39.​Rotary Kiln, a Unit on the Border of the Process and Energy Industry, 
https://www.mdpi.com/2071-1050/14/21/13903 

40.​What Are The Advantages Of Rotary Kiln Furnace? Achieve, 
https://kindle-tech.com/faqs/what-are-the-advantages-of-rotary-kiln-furnace 

41.​Comparative Analysis of Meat Bone Meal and Meat Bone ... - MDPI, 
https://www.mdpi.com/1996-1073/14/11/3292 

42.​(PDF) Discerning heat transfer in building materials - ResearchGate, 
https://www.researchgate.net/publication/259339257_Discerning_heat_transfer_in
_building_materials 

43.​(PDF) Comparative Analysis of Meat Bone Meal ... - ResearchGate, 
https://www.researchgate.net/publication/352146903_Comparative_Analysis_of_
Meat_Bone_Meal_and_Meat_Bone_Combustion_Using_the_Life_Cycle_Assess
ment_Method 

44.​Phosphogypsum Decontamination with Sustainable Recovery of, 
https://www.preprints.org/manuscript/202507.1138/v1 

45.​A Review: Construction and Demolition Waste as a Novel Source for, 
https://www.mdpi.com/2071-1050/16/2/585 

46.​Closing the phosphorus loop: circular economy approaches for, 
https://www.frontiersin.org/journals/agronomy/articles/10.3389/fagro.2026.189255
2/full 

47.​Phosphate rock: origin, importance, environmental impacts, and, 
https://cdnsciencepub.com/doi/10.1139/er-2016-0003 

48.​Phosphorus recovery from wastewater and bio-based waste - PMC, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC9275867/ 

https://www.researchgate.net/publication/387532610_Effect_of_calcination_temperature_on_the_physicochemical_properties_of_natural_hydroxyapatite_derived_from_Catla_fish_bone
https://www.researchgate.net/publication/343955767_Extraction_and_Characterization_of_Novel_Natural_Hydroxyapatite_Bioceramic_by_Thermal_Decomposition_of_Waste_Ostrich_Bone
https://www.researchgate.net/publication/343955767_Extraction_and_Characterization_of_Novel_Natural_Hydroxyapatite_Bioceramic_by_Thermal_Decomposition_of_Waste_Ostrich_Bone
https://www.researchgate.net/publication/343955767_Extraction_and_Characterization_of_Novel_Natural_Hydroxyapatite_Bioceramic_by_Thermal_Decomposition_of_Waste_Ostrich_Bone
https://pubs.rsc.org/en/content/articlelanding/2014/ra/c4ra06929c
https://www.researchgate.net/publication/269358265_Determination_of_Crystallite_Size_in_Synthetic_and_Natural_Hydroxyapatite_A_Comparison_between_XRD_and_TEM_Results
https://www.researchgate.net/publication/269358265_Determination_of_Crystallite_Size_in_Synthetic_and_Natural_Hydroxyapatite_A_Comparison_between_XRD_and_TEM_Results
https://www.researchgate.net/publication/269358265_Determination_of_Crystallite_Size_in_Synthetic_and_Natural_Hydroxyapatite_A_Comparison_between_XRD_and_TEM_Results
https://www.researchgate.net/publication/5946047_The_Thermal_Stability_of_Hydroxyapatite_in_Biphasic_Calcium_Phosphate_Ceramics
https://www.researchgate.net/publication/5946047_The_Thermal_Stability_of_Hydroxyapatite_in_Biphasic_Calcium_Phosphate_Ceramics
https://www.researchgate.net/publication/11585591_Dissolution_Rates_of_Carbonated_Hydroxyapatite_in_Hydrochloric_Acid
https://www.researchgate.net/publication/11585591_Dissolution_Rates_of_Carbonated_Hydroxyapatite_in_Hydrochloric_Acid
https://pmc.ncbi.nlm.nih.gov/articles/PMC10795148/
https://kintekfurnace.com/faqs/how-do-rotary-furnaces-compare-to-muffle-furnaces
https://www.mdpi.com/2071-1050/14/21/13903
https://kindle-tech.com/faqs/what-are-the-advantages-of-rotary-kiln-furnace
https://www.mdpi.com/1996-1073/14/11/3292
https://www.researchgate.net/publication/259339257_Discerning_heat_transfer_in_building_materials
https://www.researchgate.net/publication/259339257_Discerning_heat_transfer_in_building_materials
https://www.researchgate.net/publication/352146903_Comparative_Analysis_of_Meat_Bone_Meal_and_Meat_Bone_Combustion_Using_the_Life_Cycle_Assessment_Method
https://www.researchgate.net/publication/352146903_Comparative_Analysis_of_Meat_Bone_Meal_and_Meat_Bone_Combustion_Using_the_Life_Cycle_Assessment_Method
https://www.researchgate.net/publication/352146903_Comparative_Analysis_of_Meat_Bone_Meal_and_Meat_Bone_Combustion_Using_the_Life_Cycle_Assessment_Method
https://www.preprints.org/manuscript/202507.1138/v1
https://www.mdpi.com/2071-1050/16/2/585
https://www.frontiersin.org/journals/agronomy/articles/10.3389/fagro.2026.1892552/full
https://www.frontiersin.org/journals/agronomy/articles/10.3389/fagro.2026.1892552/full
https://cdnsciencepub.com/doi/10.1139/er-2016-0003
https://pmc.ncbi.nlm.nih.gov/articles/PMC9275867/


49.​Bioavailability and movement of phosphorus applied as, 
https://www.researchgate.net/publication/328239378_Bioavailability_and_moveme
nt_of_phosphorus_applied_as_hydroxyapatite_nanoparticles_HA-NPs_in_soils 

50.​Solubility of Ca5(P04)3OH in the System Ca(OH)2-H3P04-H20 at 5, 
https://nvlpubs.nist.gov/nistpubs/jres/081/2/V81.N02.A05.pdf 

51.​Accuracy of Thermodynamic Databases for Hydroxyapatite ... - OSTI, 
https://www.osti.gov/servlets/purl/1593271 

52.​Solubility of Ca5(PO4)3OH in the System Ca(OH)2-H3PO4-H2O at 5, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC5312766/ 

53.​Preparation and Solubility of Hydroxyapatite - PMC - NIH, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC6696559/ 

54.​minerals - Semantic Scholar, 
https://pdfs.semanticscholar.org/7120/782feed937856c6aeb7ab9cb53e06e8f9638.
pdf 

55.​Long‐term effects of bone char and lignocellulosic biochar‐based, 
https://www.researchgate.net/publication/354126079_Long-term_effects_of_bone
_char_and_lignocellulosic_biochar-based_soil_amendments_on_phosphorus_ads
orption-desorption_and_crop_yield_in_low-input_acidic_soils 

56.​Exploring the Role of Root Exudates in Shaping Plant–Soil–Microbe, 
https://www.mdpi.com/2311-7524/12/1/90 

57.​An Exploration of Composition and Roles of Root Exudates in, 
https://www.preprints.org/manuscript/202502.0554 

58.​Root Exudation of Primary Metabolites: Mechanisms and Their, 
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2019.00157/
full 

59.​Root Exudates: Mechanistic Insight of Plant Growth Promoting, 
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.9164
88/full 

60.​Using a meta-analysis approach to understand complexity in soil, 
https://www.researchgate.net/publication/338087350_Using_a_meta-analysis_app
roach_to_understand_complexity_in_soil_biodiversity_and_phosphorus_acquisitio
n_in_plants 

61.​EVALUATION OF DIFFERENT SOURCES OF PHOSPHORUS ON, 
https://lafiascijournals.org.ng/index.php/fjst/article/download/87/84/186 

62.​Nutrient elements in micro- to nanosized fractions - bonndoc, 
https://bonndoc.ulb.uni-bonn.de/xmlui/bitstream/handle/20.500.11811/10760/7002.
pdf?sequence=2&isAllowed=y 

63.​(PDF) Phosphorus Biofertilizers from Ash and Bones—Agronomic, 
https://www.researchgate.net/publication/302912036_Phosphorus_Biofertilizers_fr
om_Ash_and_Bones-Agronomic_Evaluation_of_Functional_Properties 

64.​Bone Char: A Clean and Renewable Phosphorus Fertilizer with, 
https://www.researchgate.net/publication/236836920_Bone_Char_A_Clean_and_
Renewable_Phosphorus_Fertilizer_with_Cadmium_Immobilization_Capability 

65.​Evaluation of different phosphate amendments on ... - PubMed, 
https://pubmed.ncbi.nlm.nih.gov/16887186/ 

https://www.researchgate.net/publication/328239378_Bioavailability_and_movement_of_phosphorus_applied_as_hydroxyapatite_nanoparticles_HA-NPs_in_soils
https://www.researchgate.net/publication/328239378_Bioavailability_and_movement_of_phosphorus_applied_as_hydroxyapatite_nanoparticles_HA-NPs_in_soils
https://nvlpubs.nist.gov/nistpubs/jres/081/2/V81.N02.A05.pdf
https://www.osti.gov/servlets/purl/1593271
https://pmc.ncbi.nlm.nih.gov/articles/PMC5312766/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6696559/
https://pdfs.semanticscholar.org/7120/782feed937856c6aeb7ab9cb53e06e8f9638.pdf
https://pdfs.semanticscholar.org/7120/782feed937856c6aeb7ab9cb53e06e8f9638.pdf
https://www.researchgate.net/publication/354126079_Long-term_effects_of_bone_char_and_lignocellulosic_biochar-based_soil_amendments_on_phosphorus_adsorption-desorption_and_crop_yield_in_low-input_acidic_soils
https://www.researchgate.net/publication/354126079_Long-term_effects_of_bone_char_and_lignocellulosic_biochar-based_soil_amendments_on_phosphorus_adsorption-desorption_and_crop_yield_in_low-input_acidic_soils
https://www.researchgate.net/publication/354126079_Long-term_effects_of_bone_char_and_lignocellulosic_biochar-based_soil_amendments_on_phosphorus_adsorption-desorption_and_crop_yield_in_low-input_acidic_soils
https://www.mdpi.com/2311-7524/12/1/90
https://www.preprints.org/manuscript/202502.0554
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2019.00157/full
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2019.00157/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.916488/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.916488/full
https://www.researchgate.net/publication/338087350_Using_a_meta-analysis_approach_to_understand_complexity_in_soil_biodiversity_and_phosphorus_acquisition_in_plants
https://www.researchgate.net/publication/338087350_Using_a_meta-analysis_approach_to_understand_complexity_in_soil_biodiversity_and_phosphorus_acquisition_in_plants
https://www.researchgate.net/publication/338087350_Using_a_meta-analysis_approach_to_understand_complexity_in_soil_biodiversity_and_phosphorus_acquisition_in_plants
https://lafiascijournals.org.ng/index.php/fjst/article/download/87/84/186
https://bonndoc.ulb.uni-bonn.de/xmlui/bitstream/handle/20.500.11811/10760/7002.pdf?sequence=2&isAllowed=y
https://bonndoc.ulb.uni-bonn.de/xmlui/bitstream/handle/20.500.11811/10760/7002.pdf?sequence=2&isAllowed=y
https://www.researchgate.net/publication/302912036_Phosphorus_Biofertilizers_from_Ash_and_Bones-Agronomic_Evaluation_of_Functional_Properties
https://www.researchgate.net/publication/302912036_Phosphorus_Biofertilizers_from_Ash_and_Bones-Agronomic_Evaluation_of_Functional_Properties
https://www.researchgate.net/publication/236836920_Bone_Char_A_Clean_and_Renewable_Phosphorus_Fertilizer_with_Cadmium_Immobilization_Capability
https://www.researchgate.net/publication/236836920_Bone_Char_A_Clean_and_Renewable_Phosphorus_Fertilizer_with_Cadmium_Immobilization_Capability
https://pubmed.ncbi.nlm.nih.gov/16887186/


66.​Bone char as a cost-effective material for stabilizing multiple heavy, 
https://www.researchgate.net/publication/360814763_One_stone_two_birds_Bone
_char_as_a_cost-effective_material_for_stabilizing_multiple_heavy_metals_in_soi
l_and_promoting_crop_growth 

67.​Cadmium pollution from phosphate fertilizers in arable soils and crops, 
https://www.researchgate.net/publication/344727730_Cadmium_pollution_from_p
hosphate_fertilizers_in_arable_soils_and_crops_an_overview 

68.​Cd content in phosphate fertilizer: Which potential risk for the, 
https://www.researchgate.net/publication/363878655_Cd_content_in_phosphate_f
ertilizer_which_potential_risk_for_the_environment_and_human_health 

69.​Soil–plant interactions and metal uptake efficiency of native species, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC13159367/ 

70.​Comparison of Phosphate Materials for Immobilizing Cadmium in Soil, 
https://www.researchgate.net/publication/225328513_Comparison_of_Phosphate_
Materials_for_Immobilizing_Cadmium_in_Soil 

71.​(PDF) Using Bone Char as a Renewable Resource of Phosphate, 
https://www.researchgate.net/publication/384564252_Using_Bone_Char_as_a_R
enewable_Resource_of_Phosphate_Fertilizers_in_Sustainable_Agriculture_and_it
s_Effects_on_Phosphorus_Transformations_and_Remediation_of_Contaminated
_Soils_as_well_as_the_Growth_of 

72.​Removal of potentially toxic elements from contaminated soil and, 
https://www.researchgate.net/publication/357278462_Removal_of_potentially_toxi
c_elements_from_contaminated_soil_and_water_using_bone_char_compared_to
_plant-_and_bone-derived_biochars_A_review 

73.​Combined Application of Biochar and Calcium Superphosphate Can, 
https://www.mdpi.com/2073-4395/14/11/2538 

74.​Bone char as phosphorus fertilizer involved in cadmium, 
https://www.researchgate.net/publication/259539621_Bone_char_as_phosphorus
_fertilizer_involved_in_cadmium_immobilization_in_lettuce_wheat_and_potato_cr
opping 

75.​B REGULATION (EU) 2019/1009 OF THE EUROPEAN ... - EUR-Lex, 
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02019R1009-20
220716 

76.​EU Fertilizing Products Regulation (FPR): Implications for the Global, 
https://apbb.fftc.org.tw/article/783 

77.​Consolidated TEXT: 32019R1009 — EN — 20.11.2024 - EUR-Lex, 
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02019R1009-2
0241120 

78.​Consolidated TEXT: 32019R1009 — EN — 16.07.2022 - EUR-Lex, 
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02019R1009-2
0220716 

79.​ANNEX I - UK - Product Function Categories (PFCs) of EU fertilising, 
https://www.legislation.gov.uk/eur/2019/1009/annexes/data.xht?view=snippet&wra
p=true 

80.​Conformity assessment EU fertilizer products - AGES, 

https://www.researchgate.net/publication/360814763_One_stone_two_birds_Bone_char_as_a_cost-effective_material_for_stabilizing_multiple_heavy_metals_in_soil_and_promoting_crop_growth
https://www.researchgate.net/publication/360814763_One_stone_two_birds_Bone_char_as_a_cost-effective_material_for_stabilizing_multiple_heavy_metals_in_soil_and_promoting_crop_growth
https://www.researchgate.net/publication/360814763_One_stone_two_birds_Bone_char_as_a_cost-effective_material_for_stabilizing_multiple_heavy_metals_in_soil_and_promoting_crop_growth
https://www.researchgate.net/publication/344727730_Cadmium_pollution_from_phosphate_fertilizers_in_arable_soils_and_crops_an_overview
https://www.researchgate.net/publication/344727730_Cadmium_pollution_from_phosphate_fertilizers_in_arable_soils_and_crops_an_overview
https://www.researchgate.net/publication/363878655_Cd_content_in_phosphate_fertilizer_which_potential_risk_for_the_environment_and_human_health
https://www.researchgate.net/publication/363878655_Cd_content_in_phosphate_fertilizer_which_potential_risk_for_the_environment_and_human_health
https://pmc.ncbi.nlm.nih.gov/articles/PMC13159367/
https://www.researchgate.net/publication/225328513_Comparison_of_Phosphate_Materials_for_Immobilizing_Cadmium_in_Soil
https://www.researchgate.net/publication/225328513_Comparison_of_Phosphate_Materials_for_Immobilizing_Cadmium_in_Soil
https://www.researchgate.net/publication/384564252_Using_Bone_Char_as_a_Renewable_Resource_of_Phosphate_Fertilizers_in_Sustainable_Agriculture_and_its_Effects_on_Phosphorus_Transformations_and_Remediation_of_Contaminated_Soils_as_well_as_the_Growth_of
https://www.researchgate.net/publication/384564252_Using_Bone_Char_as_a_Renewable_Resource_of_Phosphate_Fertilizers_in_Sustainable_Agriculture_and_its_Effects_on_Phosphorus_Transformations_and_Remediation_of_Contaminated_Soils_as_well_as_the_Growth_of
https://www.researchgate.net/publication/384564252_Using_Bone_Char_as_a_Renewable_Resource_of_Phosphate_Fertilizers_in_Sustainable_Agriculture_and_its_Effects_on_Phosphorus_Transformations_and_Remediation_of_Contaminated_Soils_as_well_as_the_Growth_of
https://www.researchgate.net/publication/384564252_Using_Bone_Char_as_a_Renewable_Resource_of_Phosphate_Fertilizers_in_Sustainable_Agriculture_and_its_Effects_on_Phosphorus_Transformations_and_Remediation_of_Contaminated_Soils_as_well_as_the_Growth_of
https://www.researchgate.net/publication/357278462_Removal_of_potentially_toxic_elements_from_contaminated_soil_and_water_using_bone_char_compared_to_plant-_and_bone-derived_biochars_A_review
https://www.researchgate.net/publication/357278462_Removal_of_potentially_toxic_elements_from_contaminated_soil_and_water_using_bone_char_compared_to_plant-_and_bone-derived_biochars_A_review
https://www.researchgate.net/publication/357278462_Removal_of_potentially_toxic_elements_from_contaminated_soil_and_water_using_bone_char_compared_to_plant-_and_bone-derived_biochars_A_review
https://www.mdpi.com/2073-4395/14/11/2538
https://www.researchgate.net/publication/259539621_Bone_char_as_phosphorus_fertilizer_involved_in_cadmium_immobilization_in_lettuce_wheat_and_potato_cropping
https://www.researchgate.net/publication/259539621_Bone_char_as_phosphorus_fertilizer_involved_in_cadmium_immobilization_in_lettuce_wheat_and_potato_cropping
https://www.researchgate.net/publication/259539621_Bone_char_as_phosphorus_fertilizer_involved_in_cadmium_immobilization_in_lettuce_wheat_and_potato_cropping
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02019R1009-20220716
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02019R1009-20220716
https://apbb.fftc.org.tw/article/783
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02019R1009-20241120
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02019R1009-20241120
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02019R1009-20220716
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:02019R1009-20220716
https://www.legislation.gov.uk/eur/2019/1009/annexes/data.xht?view=snippet&wrap=true
https://www.legislation.gov.uk/eur/2019/1009/annexes/data.xht?view=snippet&wrap=true


https://www.ages.at/en/plant/fertilizer/eu-fertiliser-products-and-conformity-assess
ment 

81.​Technical proposals for selected new fertilising materials under the, 
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC117856/jrc117856_jrc
117856_electronic.pdf 

82.​Untersuchung der Anwendbarkeit der im Rahmen des CEN-Projekts, 
https://www.bundesumweltministerium.de/fileadmin/Daten_BMU/Pools/Forschung
sdatenbank/fkz_3714_23_320_horizontal_duenger_bf.pdf 

83.​Anlage 2 DüMV - Einzelnorm - Gesetze im Internet, 
https://www.gesetze-im-internet.de/d_mv_2012/anlage_2.html 

84.​(PDF) Available Phosphorous and Organic Carbon as an Indication, 
https://www.researchgate.net/publication/372080869_Available_Phosphorous_an
d_Organic_Carbon_as_an_Indication_for_the_Evaluation_of_Bone_Char_and_Bo
ne_Ash_Applied_to_Calcareous_Soil 

85.​Phosphorous and Silica Recovery from Rice Husk Poultry Litter Ash, 
https://www.mdpi.com/1996-1944/14/21/6297 

86.​Sustainable Fertilizers: Publication Landscape on Wastes as ... - PMC, 
https://pmc.ncbi.nlm.nih.gov/articles/PMC10251522/ 

https://www.ages.at/en/plant/fertilizer/eu-fertiliser-products-and-conformity-assessment
https://www.ages.at/en/plant/fertilizer/eu-fertiliser-products-and-conformity-assessment
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC117856/jrc117856_jrc117856_electronic.pdf
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC117856/jrc117856_jrc117856_electronic.pdf
https://www.bundesumweltministerium.de/fileadmin/Daten_BMU/Pools/Forschungsdatenbank/fkz_3714_23_320_horizontal_duenger_bf.pdf
https://www.bundesumweltministerium.de/fileadmin/Daten_BMU/Pools/Forschungsdatenbank/fkz_3714_23_320_horizontal_duenger_bf.pdf
https://www.gesetze-im-internet.de/d_mv_2012/anlage_2.html
https://www.researchgate.net/publication/372080869_Available_Phosphorous_and_Organic_Carbon_as_an_Indication_for_the_Evaluation_of_Bone_Char_and_Bone_Ash_Applied_to_Calcareous_Soil
https://www.researchgate.net/publication/372080869_Available_Phosphorous_and_Organic_Carbon_as_an_Indication_for_the_Evaluation_of_Bone_Char_and_Bone_Ash_Applied_to_Calcareous_Soil
https://www.researchgate.net/publication/372080869_Available_Phosphorous_and_Organic_Carbon_as_an_Indication_for_the_Evaluation_of_Bone_Char_and_Bone_Ash_Applied_to_Calcareous_Soil
https://www.mdpi.com/1996-1944/14/21/6297
https://pmc.ncbi.nlm.nih.gov/articles/PMC10251522/

	The Biochemical Extraction of Culinary Bone Broth and the Thermochemical Valorization of Bone Waste for Agricultural Phosphorus Supplementation 
	Upstream Procurement and Sanitary Preparation of Osteological Raw Materials 
	The Biochemical and Culinary Extraction of Bone Broth 
	Osteological Selection and Thermal Pretreatment 
	Hydrolysis Kinetics: Collagen, Gelatin, and Bioactive Peptides 
	Aqueous Acidification and Hydroxyapatite Demineralization 
	Toxicological Considerations: Heavy Metal Mobilization 

	Thermochemical Valorization: Calcination of Waste Bones 
	Decomposition Kinetics and Thermogravimetric Analysis (TGA) 
	Crystallographic Phase Transformations 
	Evolution of Physicochemical Surface Properties 
	Industrial Furnace Architecture and Thermodynamic Efficiency 

	Agronomic Integration: Bone Ash as a Phosphorus Fertilizer 
	Thermodynamic Solubility and Database Discrepancies 
	Rhizosphere Dynamics and Biological Solubilization 
	Heavy Metal Immobilization and Remediation Capability 
	Regulatory Frameworks and Life Cycle Circularity 
	Works cited 




