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Abstract 19 

 20 

Ecotoxic metal contamination in wastewater and soil poses a critical environmental 21 

challenge due to its persistence, toxicity, and bioaccumulation potential. While conventional 22 

biogeotechnical methods like Enzyme-Induced Carbonate Precipitation (EICP) and Microbial 23 

Induced Carbonate Precipitation (MICP) have shown promise for metal immobilisation, their 24 

application is limited by excessive ammonium byproduct generation. In this paper, we present 25 

Enzyme-Mediated Multiphase Precipitation (EMMP), a novel approach that significantly reduces 26 

ammonium production while utilising waste-derived materials (i.e., soybean crude urease extract, 27 

bone meal and urea) to achieve simultaneous precipitation of metal-magnesium ammonium 28 

phosphates, carbonates, and calcium phosphates. We evaluated EMMP's effectiveness in removing 29 

nine metals (As, Cd, Co, Cr, Cu, Li, Ni, Pb, Zn) at three concentrations (2 mM, 5 mM, 20 mM). The 30 

process achieved removal efficiencies exceeding 95% for Pb, Cd, and Zn and 80% for Co, Ni, and 31 

Li through combined mechanisms of direct precipitation, co-precipitation, surface adsorption, 32 

and biomolecule-mediated interactions. Crystallographic analysis revealed calcite and struvite as 33 

primary mineral phases with distinct metal-dependent morphological variations. Relative to 34 

control conditions (defined as 100% ammonium production), EMMP reduced ammonium 35 

generation to below 5% for Cr, Cu, Pb, and As, to 20-45% for Ni, Co, and Cd, and maintained levels 36 

at 78-82% for Li and Zn. By integrating waste-derived materials and minimising ammonium 37 

generation, EMMP demonstrates an efficient, sustainable approach for metal remediation in 38 

aqueous environments, aligning with circular economy principles. 39 

 40 

 41 

• Enzyme-mediated multiphase precipitation was applied for ecotoxic metals   

               immobilization in water 

• Immobilisation efficiency was above 95% for Pb²⁺, Cd²⁺, and Li⁺ 

• Multiple mineral phases formed, including calcite, struvite and apatite 

• Mitigation mechanisms included precipitation, adsorption, and biomolecular  

               complexation 

• EMMP remained effective under mildly acidic conditions (pH ~5.0) 

• Waste-derived materials enabled low-cost, multifunctional remediation 
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 57 

 58 

 59 

 60 

1. Introduction 61 

 62 

 Anthropogenic ecotoxic metals (EMs) contamination in water and soil is a major 63 

environmental issue in many urban areas. This increased concentration of EMs in soil and 64 

groundwater is not merely a significant public health matter but is also responsible for hindering 65 

ecosystem services such as nutrient cycling, soil fertility and carbon sequestration that are 66 

indispensable in a liveable city (IPCC, 2022). Sustainable land-use practices, pollution 67 

remediation and prevention, and conservation efforts that consider soil and groundwater are 68 

essential for maintaining the health and functionality of these vital ecosystems. Protecting soil 69 

and groundwater ecosystem services is necessary to guarantee water and food security, ecological 70 

health, and resilience to environmental change (UN, 2021). 71 

Given the need for effective strategies to mitigate EMs contamination and restore 72 

ecosystem services, innovative biogeotechnical approaches have been explored for wastewater 73 

and soil remediation and stabilisation. Among these, Microbial Induced Carbonate Precipitation 74 

(MICP) and Enzyme Induced Carbonate Precipitation (EICP) have gained attention as sustainable 75 

techniques with the potential to immobilise EMs and simultaneously sequester carbon dioxide 76 

from the atmosphere or waste sources (Almajed et al., 2020; Xie et al., 2023; Bian et al., 2024; 77 

Wang et al., 2023). MICP and EICP rely on urease enzymes produced by ureolytic microorganisms 78 

or directly extracted from plants or organisms to catalyse the hydrolysis of urea into ammonia 79 

and carbon dioxide, leading to the precipitation of calcium carbonate (CaCO3). The enzymatic and 80 

microbial processes that induce carbonate precipitation can also be leveraged to immobilise and 81 

sequester contaminants in wastewater and the soil matrix (DeJong et al., 2010). Both techniques 82 

proved to be efficient in immobilising inorganic contaminants predominantly through 83 

mechanisms of direct precipitation, co-precipitation, adsorption and surface complexation in 84 
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distinct environmental contexts, such as groundwater and wastewater (Torres-Aravena et al., 85 

2018; Zheng et al., 2023; Zeng et al., 2025), soil improvement and erosion control (Gomez et al., 86 

2015; Almajed, 2017; Arab et al., 2021; Moghal et al, 2020) and mining waste (Makinda et al., 87 

2023; Ma et al, 1995). However, the ureolytic precipitation of carbonates generates substantial 88 

amounts of ammonium, which transforms into ammonia through pH-dependent equilibrium and 89 

can lead to environmental issues such as eutrophication, bio-toxicity, soil acidification, and 90 

formation of inorganic secondary particulate matter (Behera et al., 2010; Park et al., 2021). 91 

              Several methods have been proposed for the remediation of ammonium, such as ion 92 

exchange, struvite ((NH₄)MgPO₄·6H₂O) precipitation, nitrification/denitrification, and 93 

adsorption (Gowthaman et al., 2022; Nagarajan et al., 2024; Farghali et al., 2024). Combining 94 

methods can often yield the best results, leveraging the strengths of each method to effectively 95 

manage and remove ammonium byproducts from MICP and EICP processes applied in soil and 96 

water. A significant challenge lies in the fact that once released into the environment, ammonium 97 

tends to be chemically adsorbed in the clay minerals or organic matter of the soils; it can also be 98 

dispersed through water systems or be transformed into gas ammonia, depending on the pH of 99 

the media. Managing and mitigating the dispersion of ammonium [NH₄⁺] and its transformation 100 

into ammonia [NH₃] in the environment requires a strategic approach that involves containment 101 

and treatment. Although proven effective for ammonium remediation, the cited methods - 102 

combined or individually - constitute independent secondary treatment strategies that introduce 103 

additional steps to the initial remediation process, increasing both process complexity and 104 

operational costs. Selecting the appropriate method, or combination of methods, depends on 105 

factors such as the scale of the project, local environmental conditions, and specific site 106 

requirements while evaluating their economic feasibility and environmental trade-offs through 107 

Life Cycle Assessment (LCA) can provide crucial insights into their long-term sustainability and 108 

cost-effectiveness. 109 

              In light of these challenges, alternative approaches that address soil remediation and 110 

ammonium management in a single process have emerged. Phosphate precipitation mediated by 111 

enzymes or microbial activity is a dynamic and potent method for remediating contaminated soils 112 

and water, particularly in environments polluted by heavy metals and radionuclides, with 113 

reported remediation rates above 95% (Jiang et al., 2020; Han et al., 2022). The precipitation of 114 

phosphates induced by ureolytic processes has two important additional benefits when compared 115 

to EICP and MICP: 1) some of the precipitated phosphate phases like struvite and brushite can 116 

sequester the ammonium byproduct via mechanisms of precipitation and adsorption, and 2) due 117 

to general lower solubility, phosphates demonstrate better performance in stabilising heavy 118 

metals compared to carbonates, particularly for Pb and Zn, remaining immobilised in a broader 119 

range of pH, even in more acidic conditions (Jiang et al., 2020, Zeng et al., 2017). 120 

              In this study, we investigated the efficiency of Enzyme-Mediated Multiphase Precipitation 121 

(EMMP), a novel technique inspired by EICP and phosphate precipitation techniques that 122 

generate less ammonium byproduct than conventional EICP methods during Ems  123 

immobilisation. EMMP uses plant-derived urease crude extract, bone meal, and urea to 124 

precipitate carbonates, calcium phosphate compounds (CPCs) and metal-magnesium ammonium 125 

phosphates (M-struvite species) in just one stage.  126 
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              We propose the use of local waste materials in a "waste-to-resource" approach and 127 

optimise the method based on life cycle assessment and greenhouse gas (GHG) protocol principles 128 

to decrease the consumption of non-renewable goods, GHG emissions and overall environmental 129 

impact and costs. This approach was employed to evaluate how EMMP's effectiveness in 130 

immobilising EMs and ammonium through immobilisation within the precipitated phases varies 131 

across nine specific metals – Cd, Co, Cu, Cr, As, Li, Ni, Pb and Zn. Additionally, by looking at the 132 

underlying mechanisms behind the variations in heavy metal immobilisation and residual levels 133 

of ammonium, we aim to demonstrate how incorporating waste-derived materials can maintain 134 

the same efficiency level as commercially available products while enhancing the sustainability of 135 

EMMP. 136 

              To assess the efficiency of EMMP in decreasing the concentration of EMs in water, we 137 

performed a series of test tube experiments with three different concentrations of EMs 138 

individually. Single Crystal X-ray diffraction (SC-XRD), Powder X-ray diffraction (PXRD) and 139 

Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDS) 140 

were employed to characterise the mineral phases and crystal structures and Ion 141 

Chromatography (IC) and Inductively Coupled Plasma-optical Emission Spectrometry (ICP-OES) 142 

were used to assess the chemical composition of the solution in the initial and final time segments 143 

of the experiments. 144 

 145 

1.1. Theoretical framework 146 

 147 

The Enzyme-Mediated Multiphase Precipitation (EMMP) method is driven by a 148 

precipitation solution containing crude urease extract, bone meal, and urea, which induces the 149 

formation of mineral phases. The immobilization of EMs through EMMP in aqueous solutions 150 

occurs through multiple pathways involving mineral precipitation, functional group binding, 151 

electrostatic/ion exchange interactions, and adsorption mechanisms that combined enhance the 152 

immobilization of toxic metal ions, reducing their mobility and bioavailability. These pathways do 153 

not act independently; they operate within a broader biogeochemical framework that integrates 154 

biocatalysis, geochemical transformations, and organic-mineral interactions. This integrated 155 

perspective, referred to as biogeochemical trapping, describes the collective set of biological, 156 

chemical, and geological interactions that may contribute to metal immobilization through 157 

biogeotechnical methods in aqueous environments (Gadd, 2010; Borch et al., 2010), providing an 158 

efficient pathway for metal immobilization beyond conventional physicochemical mechanisms 159 

that rely on a single immobilization route. Anthropogenic EMs contamination in water and soil is 160 

a major environmental issue in many urban areas. This increased concentration of EMs in soil and 161 

groundwater is not merely a significant public health matter but is also responsible for hindering 162 

ecosystem services such as nutrient cycling, soil fertility and carbon sequestration that are 163 

indispensable in a liveable city (IPCC, 2022). Sustainable land-use practices, pollution 164 

remediation and prevention, and conservation efforts that consider soil and groundwater are 165 

essential for maintaining the health and functionality of these vital ecosystems. Protecting soil 166 

and groundwater ecosystem services is necessary to guarantee water and food security, ecological 167 

health, and resilience to environmental change (UN, 2021). 168 
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Given the need for effective strategies to mitigate EMs contamination and restore 169 

ecosystem services, innovative biogeotechnical approaches have been explored for wastewater 170 

and soil remediation and stabilisation. Among these, Microbial Induced Carbonate Precipitation 171 

(MICP) and Enzyme Induced Carbonate Precipitation (EICP) have gained attention as sustainable 172 

techniques with the potential to immobilise EMs and simultaneously sequester carbon dioxide 173 

from the atmosphere or waste sources (Wilcox et al, 2025). MICP and EICP rely on urease enzymes 174 

produced by ureolytic microorganisms or directly extracted from plants or organisms to catalyse 175 

the hydrolysis of urea into ammonia and carbon dioxide, leading to the precipitation of calcium 176 

carbonate (CaCO3). The enzymatic and microbial processes that induce carbonate precipitation 177 

can also be leveraged to immobilise and sequester contaminants in wastewater and the soil 178 

matrix (Bian et al., 2024; Zeng et al., 2025). Both techniques proved to be efficient in immobilising 179 

inorganic contaminants predominantly through mechanisms of direct precipitation, co-180 

precipitation, adsorption and surface complexation in distinct environmental contexts, such as 181 

groundwater and wastewater (Torres-Aravena et al., 2018; Zhong et al., 2022), soil improvement 182 

and erosion control (Hamdan & Kavazanjian, 2016; 2016; Almajed et al., 2020, 2021; Arab et al., 183 

2021; Moghal et al, 2020; Bian et al., 2024) and mining waste (Makinda et al., 2023; Zhang & 184 

Zhang, 2024; Wilcox et al., 2024). However, the ureolytic precipitation of carbonates generates 185 

substantial amounts of ammonium, which transforms into ammonia through pH-dependent 186 

equilibrium and can lead to environmental issues such as eutrophication, bio-toxicity, soil 187 

acidification, and formation of inorganic secondary particulate matter (Behera et al., 2010; Park 188 

et al., 2021). 189 

              Several methods have been proposed for the remediation of ammonium, such as ion 190 

exchange, struvite ((NH₄)MgPO₄·6H₂O) precipitation, nitrification/denitrification, and 191 

adsorption (Yuan et al., 2024; Gowthaman et al., 2022; Crane et al., 2022). Combining these 192 

methods can often yield the best results, leveraging the strengths of each method to effectively 193 

manage and remove ammonium byproducts from MICP and EICP processes applied in soil and 194 

water. A significant challenge lies in the fact that once released into the environment, ammonium 195 

tends to be chemically adsorbed in the clay minerals or organic matter of the soils; it can also be 196 

dispersed through water systems or be transformed into gas ammonia, depending on the pH of 197 

the media. Managing and mitigating the dispersion of ammonium [NH₄⁺] and its transformation 198 

into ammonia [NH₃] in the environment requires a strategic approach that involves containment 199 

and treatment. Although proven effective for ammonium remediation, the cited methods - 200 

combined or individually - constitute independent secondary treatment strategies that introduce 201 

additional steps to the initial remediation process, increasing both process complexity and 202 

operational costs. Selecting the appropriate method, or combination of methods, depends on 203 

factors such as the scale of the project, local environmental conditions, and specific site 204 

requirements while evaluating their economic feasibility and environmental trade-offs through 205 

Life Cycle Assessment (LCA) can provide crucial insights into their long-term sustainability and 206 

cost-effectiveness. 207 

              In light of these challenges, alternative approaches that address soil remediation and 208 

ammonium management in a single process have emerged. Phosphate precipitation mediated by 209 

enzymes or microbial activity is a dynamic and potent method for remediating contaminated soils 210 

and water, particularly in environments polluted by heavy metals and radionuclides, with 211 
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demonstrably high remediation performance across a range of contaminants and environmental 212 

conditions (Lai et al., 2023; Han et al., 2022). The precipitation of phosphates induced by ureolytic 213 

processes has two important additional benefits when compared to EICP and MICP: 1) some of 214 

the precipitated phosphate phases like struvite and brushite can sequester the ammonium 215 

byproduct via mechanisms of precipitation and adsorption, and 2) due to general lower solubility, 216 

phosphates demonstrate better performance in stabilising heavy metals compared to carbonates, 217 

particularly for Pb and Zn, remaining immobilised in a broader range of pH, even in more acidic 218 

conditions (Jiang et al., 2020; Han et al., 2022; Yu et al., 2020). 219 

              In this study, we investigated the efficiency of Enzyme-Mediated Multiphase Precipitation 220 

(EMMP), a novel technique inspired by EICP and phosphate precipitation techniques that 221 

generate less ammonium byproduct than conventional EICP methods during EMs immobilisation. 222 

EMMP uses plant-derived urease crude extract, bone meal, and urea to precipitate carbonates, 223 

calcium phosphate compounds (CPCs) and metal-magnesium ammonium phosphates (M-struvite 224 

species) in just one stage.  225 

              We propose the use of local waste materials in a "waste-to-resource" approach and 226 

optimise the method based on life cycle assessment and greenhouse gas (GHG) protocol principles 227 

to decrease the consumption of non-renewable goods, GHG emissions and overall environmental 228 

impact and costs. This approach was employed to evaluate how EMMP's effectiveness in 229 

immobilising EMs and ammonium through immobilisation within the precipitated phases varies 230 

across nine specific metals – Cd, Co, Cu, Cr, As, Li, Ni, Pb and Zn. Additionally, by looking at the 231 

underlying mechanisms behind the variations in heavy metal immobilisation and residual levels 232 

of ammonium, we aim to demonstrate how incorporating waste-derived materials can maintain 233 

the same efficiency level as commercially available products while enhancing the sustainability of 234 

EMMP. 235 

              To assess the efficiency of EMMP in decreasing the concentration of EMs in water, we 236 

performed a series of test tube experiments with three different concentrations of EMs 237 

individually. Single Crystal X-ray diffraction (SC-XRD), Powder X-ray diffraction (PXRD) and 238 

Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDS) 239 

were employed to characterise the mineral phases and crystal structures and Ion 240 

Chromatography (IC) and Inductively Coupled Plasma-optical Emission Spectrometry (ICP-OES) 241 

were used to assess the chemical composition of the solution in the initial and final time segments 242 

of the experiments. 243 

 244 

1.1. Theoretical framework 245 

 246 

The Enzyme-Mediated Multiphase Precipitation (EMMP) method is driven by a 247 

precipitation solution containing crude urease extract, bone meal, and urea, which induces the 248 

formation of mineral phases. The immobilization of EMs through EMMP in aqueous solutions 249 

occurs through multiple pathways involving mineral precipitation, functional group binding, 250 

electrostatic/ion exchange interactions, and adsorption mechanisms that combined enhance the 251 

immobilization of toxic metal ions, reducing their mobility and bioavailability. These pathways do 252 

not act independently; they operate within a broader biogeochemical framework that integrates 253 

biocatalysis, geochemical transformations, and organic-mineral interactions. This integrated 254 
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perspective, referred to as biogeochemical trapping, describes the collective set of biological, 255 

chemical, and geological interactions that may contribute to metal immobilization through 256 

biogeotechnical methods in aqueous environments (Gadd, 2010; Borch et al., 2010), providing an 257 

efficient pathway for metal immobilization beyond conventional physicochemical mechanisms 258 

that rely on a single immobilization route. 259 

 260 

1.1.1. Mineral Precipitation 261 

 262 

Mineral precipitation via EMMP primarily occurs through urease-driven biochemical 263 

reactions that facilitate carbonate and phosphate formation. The cementation solution provides 264 

the necessary enzymatic activity, biomolecules, and ions that drive the process. Factors such as 265 

pH, ionic composition, and the presence of organic and inorganic molecules further influence the 266 

stability, transformation, and evolution of the resulting mineral phases. In addition to enzyme-267 

mediated processes, direct precipitation can also take place when metal ions react with available 268 

carbonate or phosphate species in solution, leading to the formation of insoluble mineral phases. 269 

 270 

1.1.1.1. Urease-Driven Carbonate and Phosphate Precipitation 271 

 272 

The core of EMMP mineral precipitation should begin with the urease-catalysed 273 

hydrolysis of urea (Lai et al., 2023): 274 

 275 

 276 

CO(NH₂)₂ + H₂O  →  2NH3⁺ + CO₃²⁻ 277 

 278 

 This reaction generates carbonate ions, which contribute to mineral formation while 279 

simultaneously increasing the system’s pH due to ammonium production. At first, in acidic 280 

conditions (pH 3-4), most ammonia (NH₃) is protonated into ammonium (NH₄⁺), but as the 281 

reaction progresses, NH₃ accumulates and reacts with water, producing hydroxide ions (OH⁻) and 282 

gradually increasing ph.  283 

 284 

NH₃+H₂O↔NH₄⁺+OH⁻ 285 

 286 

As the pH continues to rise, the system transitions from acidic to alkaline conditions 287 

allows the participation of atmospheric CO₂ in the carbonate precipitation process through 288 

equilibrium reactions: 289 

 290 

CO₂(g) ⇌ CO₂(aq) + H₂O ⇌ H₂CO₃ ⇌ HCO₃⁻ + H⁺ ⇌ CO₃²⁻ + 2H⁺ 291 

Ca²⁺ + CO₃²⁻ → CaCO₃ 292 

 293 

 Simultaneously, phosphate ions present in solution participate in multiple precipitation 294 

pathways forming calcium phosphate compounds (Gowthaman et al., 2023): 295 

 296 

Ca²⁺ + PO₄³⁻ + OH⁻ → Ca₁₀(PO₄)₆(OH)₂ (hydroxyapatite) 297 

urease 
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Ca²⁺ + HPO₄²⁻ → CaHPO₄ (brushite) 298 

 299 

 Additionally, the presence of magnesium and ammonium enables the formation of 300 

struvite-family minerals: 301 

 302 

Mg²⁺ + NH₄⁺ + PO₄³⁻ + 6H₂O → MgNH₄PO₄•6H₂O (struvite) 303 

 304 

1.1.1.2. Direct Bonemeal-Induced M Precipitation 305 

 306 

Bone meal extract serves as a rich source of calcium (Ca²⁺) and phosphate (PO₄³⁻) ions, 307 

which facilitate hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂) precipitation and other metal-phosphate 308 

mineral formations (Cao et al., 2003), depending on metal availability, pH conditions, and solution 309 

chemistry. Heavy metals such as Pb²⁺, Cu²⁺, and Zn²⁺ can either substitute for calcium within the 310 

hydroxyapatite structure or form separate phosphate precipitates (Ma et al., 1995; Xu et al., 1994). 311 

Phosphate-based minerals such as pyromorphite (Pb₅(PO₄)₃Cl), copper phosphate (Cu₃(PO₄)₂), 312 

and zinc phosphate (Zn₃(PO₄)₂) may also form, with amorphous calcium phosphate (ACP) serving 313 

as an intermediate phase (Li et al., 2021). This process is particularly effective for lead (Pb²⁺), 314 

which preferentially forms pyromorphite (Pb₅(PO₄)₃Cl), a highly stable phase under a wide range 315 

of environmental conditions (Ryan et al., 2001; Li et al., 2021). Furthermore, competitive ions 316 

such as carbonate and sulphate can influence precipitation pathways and the phase stability of 317 

the resulting mineral products. 318 

1.1.2. Functional group binding 319 

 320 

EMs can also be immobilized by interacting with specific functional groups present in 321 

organic molecules derived from soybean and bone meal, including proteins, peptides, 322 

polysaccharides, and lipids. These interactions rely on chelation, complexation, and covalent 323 

bonding, which contribute to metal immobilization at a molecular level (Chirakkara et al., 2006; 324 

Liu et al., 2013). In addition to these biomolecules, bone meal contains collagen, phosphoproteins, 325 

and glycoproteins, which provide additional functional groups for metal binding, enhancing 326 

sequestration pathways. 327 

Biomolecules containing sulfhydryl (-SH) groups exhibit a strong affinity for soft metal 328 

ions such as Pb²⁺, Cd²⁺, and Hg²⁺, forming highly stable metal-thiolate complexes (Ajsuvakova et 329 

al., 2020).  330 

Sulfur-containing amino acids in soybean proteins, particularly cysteine and methionine, 331 

are known to bind heavy metals through thiol-metal interactions, forming stable thiolate 332 

complexes (Liu et al., 2013). Although specific studies on soybean proteins are still emerging, the 333 

role of sulfur-containing functional groups in metal binding has been extensively reported for 334 

carbon-based adsorbents. Yang et al. (2019) demonstrated that the introduction of sulfur 335 

functional groups (e.g., thiol, sulfonic) onto activated carbon, graphene oxide, and carbon 336 

nanotubes significantly enhances their capacity to adsorb metals such as Pb(II), Cd(II), and Hg(II) 337 

through surface complexation and precipitation mechanisms. Bulgariu et al. (2021) did not 338 

investigate molecular-level mechanisms, but their study confirmed the high sorption capacity of 339 
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alkaline-treated soybean waste biomass for Pb²⁺, Cd²⁺, and Zn²⁺, suggesting the presence of 340 

diverse functional groups that facilitate metal retention. 341 

Carboxyl (-COOH) functional groups, commonly found in proteins, peptides, and organic 342 

acids, contribute to metal sequestration by forming stable coordination complexes with metal 343 

ions (Liu et al., 2013). This process is particularly relevant for Pb²⁺, Zn²⁺, Cu²⁺, and Ni²⁺, where 344 

carboxyl groups facilitate metal binding through ligand exchange, stabilizing metal-organic 345 

interactions and reducing solubility in solution. 346 

Amino groups (-NH₂), abundant in peptides and proteins, also play a crucial role in metal 347 

coordination but through distinct mechanisms. These groups function as electron donors, forming 348 

coordination bonds that stabilize metal ions in solution and facilitate their retention in organic 349 

structures (Yang et al., 2019; Vandenbossche et al., 2015). This interaction is particularly relevant 350 

for Cu²⁺, Ni²⁺, and Zn²⁺, as amine ligands can modulate metal speciation, influence redox 351 

behaviour, and contribute to the stabilization of metal-protein complexes. 352 

The efficiency of metal binding varies depending on the specific biomolecular 353 

interactions. Studies indicate that proteinaceous components of crude urease extracts exhibit a 354 

preferential affinity in the order of Zn > Ni > Cr, likely due to differences in coordination chemistry 355 

and molecular conformation (Liu et al., 2013; Singh, 2017). Similarly, proteins and 356 

phosphoproteins from the bonemeal solution provide additional metal-binding sites, potentially 357 

altering selectivity patterns and influencing sequestration pathways. This suggests that 358 

biomolecular interactions not only aid in metal sequestration but may also affect the preferential 359 

incorporation of certain metals into mineral phases. 360 

 361 

1.1.3. Electrostatic Attraction 362 

 363 

Adsorption is another key pathway for metal immobilization in enzyme-mediated 364 

systems, involving both biomolecular surfaces (proteins, polysaccharides, phosphoproteins) and 365 

mineral phases (CaCO₃, hydroxyapatite, and other precipitates). Physisorption occurs through 366 

weak van der Waals forces and electrostatic attraction, leading to reversible metal attachment 367 

onto these surfaces, whereas chemisorption involves stronger covalent or ionic bonding with 368 

functional groups such as carboxyl (-COOH), amine (-NH₂), and sulfhydryl (-SH) (Liu et al., 2013). 369 

Moreover, chemisorption may involve charge transfer mechanisms, where metal ions share or 370 

transfer electrons with biomolecular ligands or mineral surfaces, forming stable coordination 371 

complexes. 372 

Surface complexation further contributes to adsorption, as metal ions displace water 373 

molecules in their hydration shells and directly bond with functional groups via ligand exchange 374 

reactions (Huang et al., 2014). This mechanism is particularly relevant for divalent metal cations 375 

such as Zn²⁺, Ni²⁺, and Cu²⁺, which exhibit a strong affinity for carboxyl and amine groups on 376 

biomolecules, as well as reactive sites on mineral surfaces (Gupta & Balomajumder, 2015). 377 

The efficiency of adsorption depends on metal competition for binding sites, with 378 

sequestration capacity varying under different environmental conditions. Organic molecules, 379 

including proteins and polysaccharides in crude urease extracts, as well as phosphoproteins, 380 

collagen, and bone-derived glycoproteins from bonemeal, modify the surface charge and 381 

hydrophilicity of both biomolecules and mineral precipitates, affecting their adsorption affinity. 382 
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Studies suggest that metals with higher charge densities, such as Zn²⁺ and Ni²⁺, tend to form more 383 

stable inner-sphere complexes, whereas larger, more electropositive ions exhibit weaker 384 

interactions (Singh, 2017). 385 

 386 

1.1.4. Evolution of Mineral Phases 387 

 388 

Organic molecules in crude urease extracts and bone meal play a crucial role in mineral 389 

nucleation and growth, acting as nucleation sites and influencing mineral morphology. Proteins 390 

and polysaccharides can stabilize amorphous or metastable phases before they transition into 391 

more thermodynamically stable minerals (Tange et al., 2021). Biomolecule-mediated interactions 392 

further influence mineralization by introducing functional groups (-COOH, -NH₂, -OH) that modify 393 

crystal formation and stabilization (Weiner & Addadi, 2011). These biomolecules can function as 394 

nucleation sites, guiding the precipitation of phosphates and carbonates into structurally stable 395 

phases (Takagi & Chow, 1998; Rivadeneyra et al., 2010). 396 

Once precipitated, mineral phases undergo transformations due to thermodynamic and 397 

kinetic conditions. Some minerals crystallize directly into their stable forms, while others evolve 398 

through dissolution-reprecipitation, Ostwald ripening, or solid-state transitions (Gebauer et al., 399 

2014). For example, calcium carbonate may initially precipitate as vaterite or aragonite before 400 

transforming into the more thermodynamically stable calcite phase (Zhu & Dittrich, 2016). 401 

Similarly, amorphous calcium phosphate (ACP) frequently serves as a precursor to 402 

hydroxyapatite, with its transformation influenced by pH, ionic strength, and biomolecular 403 

interactions (Pan et al., 2010). 404 

Finally, carbonate and phosphate systems interact, leading to the formation of carbonate-405 

substituted apatite or the conversion of calcite into phosphate phases in phosphate-rich 406 

conditions. This transition has been observed in biomineralization and hydrothermal studies, 407 

where calcium carbonate acts as a precursor for hydroxyapatite via dissolution-reprecipitation 408 

mechanisms (Dorozhkin, 2012). 409 

 410 

2. Material and Methods 411 

 412 

2.1. Materials 413 

  414 

We investigated mineral precipitation using synthetic solutions individually spiked with 415 

one of nine EMs—As, Cd, Co, Cr, Cu, Li, Ni, Pb, and Zn—at three initial concentrations 416 

corresponding to treatment levels: T1 (2 mM), T2 (5 mM), and T3 (20 mM). The experimental 417 

setup included a crude urease extract derived from soybean (Glycine max), powdered urea added 418 

to the EM solution to achieve a final concentration of 1 M, and a bonemeal solution serving as a 419 

source of Ca, P, Mg, and K. Bonemeal (Westland) was obtained from a local garden centre, and 420 

soybeans (Jalpur) were purchased from a local supermarket. 421 

Urea (98% purity) and the metal reagents—CdCl₂, CoCl₂, Cr₂(SO₄)₃·xH₂O, CuCl₂, AsCl₃, 422 

LiCl, NiCl₂, PbCl₂, and ZnCl₂—were purchased from Sigma-Aldrich. All metal salts were 423 

anhydrous, in powder form, and had a trace metals basis purity of ≥99.995%. Deionised water 424 

with a resistivity of 18.2 MΩ·cm, produced by the Milli-Q Ultrapure and Pure Water Purification 425 
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System in the Environmental Biogeochemistry laboratory at the University of Glasgow, was used 426 

to prepare all solutions. 427 

 428 

2.1.1. Bone meal solution preparation 429 

 430 

 The bonemeal solution (BMS) was prepared with slight modifications to the method 431 

proposed by Gowthaman (2023). Specifically, 50 grams of bonemeal were added to a beaker 432 

containing 250 mL of deionized water and 60 mL of 1 M hydrochloric acid. The mixture was 433 

stirred for 2–3 minutes, left to rest overnight, and filtered the following day using Grade 2 434 

laboratory filter paper. The composition of the resulting solution was analysed using ICP-OES (see 435 

below section 2.4 for full methods), with the concentrations of the primary components presented 436 

in Table 1. Additionally, the pH and electrical conductivity were measured using a YSI sensor and 437 

normalized to a standard temperature of 25°C. 438 

 439 

               Table 3 440 
                Electroconductivity (EC), pH and average (N = 7)  concentration of Mg, Ca, K and P in the 441 
 bonemeal solution. 442 

Ca (ppm) K (ppm) Mg (ppm) P (ppm) pH EC (uS/cm) 

14577.00 ± 

132.5 

266.50 ± 

6.37 

316.50 ± 

8.41 

6349.00 ± 

77.59 

3.35  

± 0.31 

167 

 ± 5.00 

 443 

 444 

2.1.2. Preliminary Optimization of Soybean Concentration and Operational Parameters 445 

 446 

 The optimization of soybean concentration and operational parameters was evaluated 447 

through direct mass measurement of precipitates. Soybean extracts were prepared at 448 

concentrations of 20, 40, 60, 80, and 100 g/L in deionized water, each assessed with urea 449 

concentrations of 0.5, 0.75, and 1.0 M, while bone meal composition remained constant (Table 1). 450 

The experimental design encompassed both concentration variations and mixing ratio 451 

permutations, with each combination assessed in triplicate to ensure statistical validity. 452 

Quantitative analysis revealed that an 80 g/L soybean extract combined with 1.0 M urea solution 453 

and with bone meal solution in a ratio of 3:3:1, respectively, yielded the maximum precipitate 454 

mass under controlled laboratory conditions. Complete experimental protocols and raw data are 455 

provided in the Supplementary Materials. 456 

 457 

2.1.3. Crude urease extract preparation 458 

  459 

The crude urease extract (CUE) was prepared by combining 80 grams of soybeans with 460 

deionised water in a beaker until the total volume reached 1 L. The mixture was left overnight, 461 

then processed using a Fridja f1900 self-feeding cold press masticating juicer (1 L capacity, 250 462 

W motor) to separate the solid and liquid components. The resulting liquid was mixed with 463 

calcium carbonate (CaCO₃) to achieve an approximate concentration of 0.06 M, facilitating the 464 

removal of excess protein. The mixture was left to decant for 2 hours, after which the supernatant 465 

was collected, centrifuged at 3700 rpm for 15 minutes at 4°C, and filtered using laboratory-grade 466 
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paper filter (Grade 2). Enzyme activity was measured using the method proposed by Whiffin 467 

(2004), yielding an activity of 2.44 mM urea·min⁻¹. A summary of the functions and proposed 468 

sources of the materials used in the EMMP mineralisation solution is provided in Table 2. 469 

 470 
Table 2 471 
Materials used in the EMMP mineralisation solution, their functions and proposed waste sources. 472 

Material Function Waste Source of the Product 

Soybean Crude 
Urease Extract 
(CUE) 

Catalyser of urea 
hydrolysis 

We propose using soybeans as a source of urease, given 
that they are the 5th most cultivated crop worldwide, 
with a significant global presence (FAO, 2024). Annually, 
copious quantities of soybeans are discarded due to 
quality control issues, presenting an opportunity for 
their utilisation as a urease source. Additionally, soy-
based food industries could provide another viable 
source of soybean urease. 

Urea  

Substrate for urease; its 
hydrolysis catalysed by 
urease produces 
carbonate ions (CO₃²⁻) 
and ammonium (NH₄⁺). 

Urea is a common waste in water treatment centres and 
can be sourced from animal and human urine. 

Bonemeal 
solution (BMS) 

Source of P, Mg and Ca 
Bonemeal is a common food waste product derived from 
discarded fish and mammal carcasses. 

 473 

2.2. Experimental procedure 474 

 475 

 To evaluate the immobilization of EMs using Enzyme-Mediated Mineral Precipitation 476 

(EMMP), a series of experiments were conducted using a cementation solution (CS). This solution 477 

was prepared by mixing urea, crude urease extract (CUE), and bone meal solution (BMS) in a 3:3:1 478 

ratio, as determined by preliminary tests. CS was created by combining 110 mL of CUE, 110 mL of 479 

EMs solution in the desired concentration with added urea to achieve a 1M solution, and 36 mL 480 

of BMS. The mixture was then distributed into five 50 mL Falcon test tubes incubated at 25 °C for 481 

72 hours until the end of the precipitation process, then left curing for 4 days. Afterwards, the 482 

precipitated content was washed with deionised water, filtered using Grade 2 filter paper, and 483 

placed in an oven at 37 °C for 24 hours. Aliquots of the residual liquid were collected for chemical 484 

composition analysis and for pH and electroconductivity measurements. The dried precipitates 485 

were stored in small plastic containers for characterisation. 486 

 487 

2.3. Assessment of the immobilisation of EMs and ammonium production 488 

 489 

 The residual liquid generated during precipitation experiments was analysed to assess its 490 

efficiency in immobilising EMs and ammonium production. Residual liquid aliquots were first 491 

filtered using Grade 2 filter paper (Whatman) to remove solid matter. An aliquot of the residual 492 

liquid was filtered with 0.45 µm pore size syringe filters and used for colorimetric ammonium 493 

determination via the salicylate method using a SEAL AutoAnalyzer (AA3). To further evaluate pH 494 

and electrical conductivity (EC) measurements were conducted using a YSI ProDSS 495 

Multiparameter Probe. The measurements were recalibrated to 25 °C to ensure consistency in 496 

interpretation. 497 
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 Nitric acid (HNO₃) was added to an aliquot of the filtered solution to achieve a final 498 

concentration of 2% (v/v). Subsequently, the solution was analysed using Inductively Coupled 499 

Plasma Optical Emission Spectroscopy (ICP-OES) (Thermo Scientific iCAP 7000), enabling the 500 

quantification of the final concentrations of the nine EMs. A full description of the analytical 501 

procedures used (including SEM, XRD, and ICP-OES) is provided in Supplementary Material 502 

section. 503 

 504 

2.4. Characterization of the precipitates 505 

 506 

 For micromorphological studies, the precipitates formed during the experiments were 507 

separated into two fractions using a sieving system: one containing crystals larger than 1 mm and 508 

the other containing crystals smaller than 1 mm. The larger fraction was examined using a Zeiss 509 

stereomicroscope to observe their habit, colour, and size, providing a qualitative understanding 510 

of the macroscale features of the precipitates. 511 

 The smaller fraction, containing crystals below 1 mm, was analysed using scanning 512 

electron microscopy (SEM) to study their morphology and size in greater detail. Energy 513 

Dispersive X-ray Spectroscopy (EDS) was employed alongside SEM to verify the elemental 514 

composition of the precipitates and to correlate the observed morphologies with the two main 515 

mineral phases—calcite (CaCO₃) and struvite (MgNH₄PO₄·6H₂O). 516 

 In addition, Powder X-ray Diffraction was performed using the entire precipitate powder, 517 

rather than a fraction, to identify the phases present and quantify the relative proportions of 518 

calcite and struvite for each element and treatment. 519 

 520 

3. Results 521 

 522 

3.1. System response parameters 523 

 524 

  This section presents four key system response parameters measured at the end of the 525 

curing period of the EMMP experiments. These parameters - pH, mass of precipitates, ammonium 526 

production, and metal removal efficiency - reflect the chemical and mineralogical responses of 527 

the system under the experimental conditions. The data have been divided into two figures to 528 

improve clarity and interpretability: Figure 1 presents pH and precipitate mass, while Figure 2 529 

shows metal removal efficiency and ammonium production. Together, these figures illustrate 530 

distinct patterns for each metal across three treatments (T1–T3), corresponding to EMs 531 

concentrations of 2 mM (T1), 5 mM (T2), and 20 mM (T3) in the EMS solution. The control sample 532 

(without EMs) produced 12,877 ppm for ammonium production, compared to a theoretical 533 

maximum of 14,757 ppm, providing a baseline for comparing metal-specific responses. 534 

 535 

 536 

 537 

 538 

 539 

 540 
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 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

Figure 1.  The figure presents pH levels (blue bars) and precipitate mass (orange bars) obtained at the end 558 
of the EMMP experiment across different elements and three treatments (T1, T2, T3). The left Y-axis 559 
corresponds to pH values, ranging from 1 to 10, while the right Y-axis corresponds to precipitate mass, 560 
measured in grams. Sample size is N = 5 for both metrics. 561 

 562 

3.1.1. pH 563 

 564 

 The initial pH of the liquid ranged from 3.85 to 4.11 ± 0.1 for all metals. Based on their 565 

characteristic pH ranges in the residual liquid, the metals segregated into two distinct domains - 566 

an acidic domain (pH 4.2-4.8) and an alkaline domain (pH >7.5) (Figure 1).  567 

 In the acidic domain, arsenic showed a slight increase in pH from 4.07 in T1 to 4.18 in T2, 568 

followed by a significant drop to 3.89 in T3. Copper displayed a steady linear pH increase across 569 

treatments, from 4.08 in T1 to 4.20 in T3. Chromium experienced a consistent drop in pH, from 570 

4.21 in T1 to 3.93 in T3. 571 

 In the alkaline group, consisting of Pb, Ni, Co, Cd, Li, and Zn, varied pH behaviours were 572 

observed. Lead maintained a highly stable alkaline pH across treatments, ranging from 9.14 in T1 573 

to 9.16 in T3. Nickel exhibited a decreasing pH trend, from 9.06 in T1 to 7.57 in T3. Similarly, 574 

cobalt showed a steady pH decline, from 9.06 in T1 to 8.40 in T3. Cadmium, lithium, and zinc 575 

demonstrated minimal pH variations, maintaining consistent alkaline conditions. Cadmium 576 

ranged between 8.90 and 9.05, while lithium and zinc maintained a narrow range of 9.08–9.14 577 

and 9.16–9.07, respectively. 578 

 579 

3.1.2. Mass of precipitates 580 

 581 

  Precipitate mass values are reported in grams. Over the treatment period, four metals—582 

cobalt, cadmium, zinc, and lithium—exhibited an overall increase in mass with rising metal 583 

concentration (Figure1). Cobalt increased from 1.95 g to 2.45 g, while cadmium rose from 1.99 g 584 
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to 2.36 g. Zinc and lithium showed more moderate gains, with zinc increasing from 2.05 g to 2.30 585 

g and lithium from 2.07 g to 2.14 g. 586 

In contrast, two metals, lead and chromium, experienced consistent declines as metal 587 

concentrations increased. Lead decreased from 1.95 g to 1.55 g, whereas chromium exhibited a 588 

more pronounced drop from 1.39 g to 0.58 g. 589 

The remaining three metals—copper, nickel, and arsenic—peaked at T2 before declining 590 

in T3. Copper rose from 0.82 g to 1.04 g before decreasing to 0.83 g, while arsenic increased from 591 

0.58 g to 0.62 g before falling to 0.49 g. Nickel reached its highest mass at 2.30 g in T2, then slightly 592 

decreased to 2.20 g in T3, still exceeding its initial 2.07 g. 593 

 594 

3.1.3. Ammonium production 595 

 596 

 The values presented in Figure 2 represent the percentage of ammonium produced 597 

relative to the control, with 100% corresponding to the average ammonium concentration 598 

measured in control samples (12,877 ppm). According to observed values (Figure 2), ammonium 599 

production fell into three distinct ranges: 1.73–4.31% (low), 16.56–48.97% (medium), and 600 

69.47–85.97% (high). 601 

In the low range, arsenic, chromium, copper, and lead showed varying patterns. Arsenic 602 

peaked at 4.19% in T2, between values of 3.46% and 2.80% in T1 and T3. Chromium declined 603 

steadily from 2.33% to 1.73%, while copper maintained stable values between 2.25–2.33%. Lead 604 

showed the highest initial value in this range at 4.31%, before decreasing to 2.02% by T3. 605 

In the medium range, nickel and cobalt showed parallel declines—nickel from 24.94% to 606 

16.56%, and cobalt from 32.90% to 17.71%. In contrast, cadmium increased steadily from 607 

39.16% to 48.97% across treatments. 608 

In the high range, lithium and zinc maintained the highest concentrations throughout. 609 

Lithium increased from 79.63% to 85.97% in T2, before stabilising at 85.80%. Zinc showed a 610 

gradual decline from 80.42% to 69.47% across treatments. 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 
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 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

Figure 2.  The figure presents removal efficiency (green bars) and ammonium production (purple bars) 644 
observed at the end of the EMMP experiment across different elements and three treatments (T1, T2, T3). 645 
The left Y-axis corresponds to removal efficiency, expressed as the average percentage of metal removal 646 
across five replicates (N = 5). The right Y-axis corresponds to ammonium production, expressed as a 647 
percentage relative to the maximum value obtained in the control sample (12,877 ppm).  648 

 649 

3.1.4. EMs removal efficiency 650 

 651 

  As observed in Figure 2, three groups can be identified based on removal efficiencies: low 652 

(2.82–20.39%), medium (43.25–67.66%), and high (80.16–99.88%). Removal efficiency trends 653 

were analysed based on increasing metal concentration from T1 to T3. 654 

In the low range, arsenic was the sole metal, with removal efficiency increasing from 655 

2.82% to 20.39% as metal concentration rose. In the medium range, copper exhibited a steady 656 

improvement, increasing from 43.25% to 67.66% across treatments. The high removal efficiency 657 

range included the other seven metals. Lead exhibited the highest consistent removal rates, with 658 

an exceedingly small variation from 99.78% to 99.88%. In contrast, lithium experienced a slight 659 

decline, decreasing from 99.23% to 94.22%. The remaining metals in this category demonstrated 660 

progressive increases in removal efficiency: cadmium from 97.14% to 99.62%, chromium from 661 

89.96% to 92.15%, nickel from 80.16% to 87.85%, cobalt from 82.48% to 91.44%, and zinc from 662 

83.76% to 92.04%. 663 

 664 

3.2. Micromorphological analysis of precipitates 665 

 666 

3.2.1. Fraction > 1mm 667 

 668 

Microscopic analysis of the precipitates, with the aid of natural light microscopy for the 669 

larger fraction (>1 mm) (Figure 3) and scanning electron microscopy (SEM) for the smaller 670 

fraction (<1 mm) (Figures 4 and 5), revealed notable consistency in their features across different 671 
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scales. Both imaging techniques confirmed the presence of two main mineral phases for all 672 

elements, except arsenic and copper, that produced mostly fine powder aggregates with little 673 

production of diminute crystals of calcite (arsenic in T2 and copper in T1 and T2).  674 

The first phase, predominantly calcitic, consisted of crystals exhibiting a variety of 675 

morphologies, including spherical, star-shaped, botryoidal, and other structural variations 676 

(Figure 3B, F, G, H, I and 5A to I). The second phase, phosphatic, was dominated by coffin-like and 677 

needle-like struvite crystals (Figure 3B, C, D, E and 5J to N). Within both fractions, these well-678 

defined crystals were embedded in a fine powder aggregate (FPA) (<10 µm), primarily composed 679 

of calcite, which can be observed in the background of  images in Fig. 3A and 5A to N and the 680 

detailed morphology in Fig. 5  O to R.  681 

 682 

  683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

3.2.2. Fraction < 1 mm 706 

 707 

In this fraction the majority of treatments formed larger crystals of submillimetric calcite 708 

and struvite, consistently surrounded by a fine powder (< 5–10 µm) composed predominantly of 709 

calcite (Figures 4-A to H and 5 A to R). Table 3 presents the sizes and predominant morphologies 710 

of calcite and struvite crystals across all treatments for all elements, as observed through 711 

scanning electron microscopy (SEM), highlighting the variability.  712 

 713 

 714 

Figure 3. A) Co precipitate (T3) after oven drying step exhibiting larger crystals of calcite and struvite 
surrounded by a mass of very fine powder aggregate (FPA); B) Fraction of larger crystals under the 
microscope - natural light (Co-T3); C) Needle like crystal of calcite (Ni- T2); D) Butterfly and coffin-like 
struvite (Ni-T2); E) Coffin-like transparent struvite (Ni-T3); F) Spherical crystals are surrounded by a fine, 
loose calcitic powder (Co-T2); G, H) Star-like calcite (Cd-T2) and I) Star-like calcite (Co-T2). 

 

 

 

FPA 
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 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

Figure 4. SEM backscattered images of a representative sample of precipitates formed in the presence of 750 
eight different metals under three treatments (T1, T2, T3). We used backscattered electron imaging as they 751 
enhanced resolution and contrast, allowing better differentiation of the morphological characteristics of 752 
the precipitates. Each column represents a metal (A: Cd, B: Co, C: Cu, D: Cr, E: Pb, F: Li, G: Ni, H; Zn), while 753 
each row corresponds to a treatment (top = T1, middle= T2 and bottom = T3). Arsenic was excluded as it 754 
did not yield enough material for analysis. 755 

 756 
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3.2.2.1.Micromoprphology of calcite, struvite, and fine crystals aggregates 757 

 758 

 Arsenic was excluded from analysis due to insufficient mass, though a few spherical 759 

crystals (0.05–0.1 mm) resembling calcite were observed in T2. Copper primarily formed fine 760 

powder aggregates (Fig. 4C), with only a few sparse, small fibrous radial calcite crystals (0.05–0.1 761 

mm) in T1 and T2. Chromium produced calcite (0.20–0.65 mm) in T1 and T2, predominantly 762 

globular and star-shaped, whereas T3 resulted solely in fine aggregate material (Fig. 4D). 763 

Across Li, Cd, and Co treatments (Fig. 4 A, B and F), calcite crystal size progressively 764 

decreased from T1 to T3. Lithium exhibited the broadest size range of crystals (0.10–0.65 mm), 765 

displaying spherical, globular, star-shaped, botryoidal, rare flower-like, and bone-like 766 

morphologies, with fibrous forms appearing in T3. Cadmium formed crystals (0.10–0.50 mm) 767 

with spherical, globular, star-shaped, and dumbbell-like habits, showing the greatest 768 

morphological diversity in T1. Cobalt produced calcite crystals (0.01–0.40 mm), with spherical, 769 

globular, and star-shaped morphologies, while both crystal size and diversity declined from T1 to 770 

T3. Across Li, Cd, and Co treatments, calcite crystal size progressively decreased from T1 to T3. 771 

In Ni, Pb, and Zn treatments (Fig. 4 E, G and H), calcite crystal size exhibited a maximum 772 

in T2 before decreasing in T3. Nickel formed predominantly spherical, globular, and star-shaped 773 

crystals (0.10–0.30 mm), with simpler morphologies in T3. Lead generated large crystals (0.10–774 

0.60 mm), exhibiting predominantly spherical, globular, and star-shaped morphologies. Zinc 775 

consistently formed small calcite crystals (0.05–0.30 mm), primarily spherical and globular, with 776 

the smallest crystals observed in T3. In Ni, Pb, and Zn treatments, calcite crystal size exhibited a 777 

maximum in T2 before decreasing in T3. 778 

 Across all treatments, hollow coffin-like was the dominant struvite morphology (Fig. 5M). 779 

Arsenic and copper treatments did not form struvite crystals, while chromium generated coffin-780 

like struvite (0.10–0.75 mm) in T1 and T2, but T3 contained only fine aggregates (Fig. 5L). 781 

Cadmium formed both coffin-like and prismatic crystals (0.20–0.90 mm) and cobalt 782 

exhibited coffin-like crystals (0.05–0.40 mm), and for both elements the crystals size decreased 783 

from T1 to T3. Lithium produced coffin-like and prismatic struvite (0.10–0.45 mm), whereas 784 

nickel displayed diverse habits, including twinned, needle-like, and plate-shaped crystals (0.10–785 

0.95 mm, Fig. 5K, N), peaking in size at T2. Lead formed the larger coffin-like struvite crystals 786 

(0.05–1.0 mm). Zinc consistently produced smaller struvite crystals (0.05–0.20 mm). Li, Pb and 787 

Zn struvite crystals decreased in size from T1 to T3.  788 

  The fine powder aggregate appears in all treatments as a fine powder to the naked eye 789 

and is predominantly characterised by spherical to coral-shaped morphologies, which are 790 

indicative of calcite as the principal mineral phase in this fraction (Fig 5 O-P). Fig. 5 Q–R displays 791 

submillimetre-scale plaques composed of aggregates of ultrafine particles, which are likely to 792 

include poorly crystalline and amorphous phases that can be found in lead T3, chromium T3, and 793 

lithium T3 samples, as well as across all copper treatments. 794 

 795 

 796 

 797 

 798 
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Table 3 799 
Size and morphologies of calcite and struvite in the smaller fraction of the precipitates (< 1 mm). T = 800 
treatment, calcite morphologies = Sp (Spherical), G (Globular), St (Star-like), D (Dumbbell), F (Flower-like), 801 
Fr (Fibrous-radial), B (bone-like and struvite), C (Coffin-like), P (Prismatic) and N (Needle-like). N/A 802 
indicates no crystal was formed, only aggregated powder. The measured crystal sizes may vary across 803 
images due to natural heterogeneity in the powder samples, as individual selections from such materials 804 
rarely exhibit uniform dimensions. 805 

  Calcite  Struvite  

Element T 
Morphologies 

Size (mm) 
Morphologies 

Size (mm) 
Sp G St D F Fr B C P N 

Cadmium 

1 ● ● ● ●    0.10-0.50 ● ●  0.20-0.50 

2 ● ● ● ●    0.10-0.40 ● ●  0.20-0.50 

3 ● ●   ●   0.10-0.25 ● ●  0.30-0.90 

Cobalt 

1 ● ● ●    ● 0.10-0.40 ●   0.05-0.10 

2 ● ● ● ●    0.10-0.30 ● ●  0.10-0.25 

3 ● ● ●     0.10-0.20 ●   0.10-0.40 

Chromium 

1 ● ● ●    ● 0.20-0.40 ●   0.10-0.60 

2 ● ●      0.30-0.65 ●   0.10-0.75 

3 - - - - - - - N.A. - - - N/A 

Lead 

1 ● ● ●     0.10-0.50 ●   0.20-1.00 

2 ● ● ●     0.20-0.60 ●   0.20-0.70 

3 ● ● ●     0.05-0.30 ●   0.05-0.20 

Lithium 

1 ● ● ●  ●   0.10-0.65 ●   0.10-0.45 

2 ● ●      0.10-0.30 ● ●  0.10-0.30 

3 ● ● ●  ● ●  0.10-0.15 ● ●  0.10-0.20 

Nickel 

1 ● ● ● ●  ●  0.10-0.20 ●   0.15-0.80 

2 ● ●  ●  ●  0.10-0.30 ● ● ● 0.20-0.95 

3 ● ● ●     0.10-0.20 ●   0.10-0.60 

Zinc 

1 ● ●      0.10-0.20 ● ●  0.05-0.20 

2 ● ●      0.10-0.30 ●   0.05-0.20 

3 ● ●      0.05-0.20 ● ●  0.10-0.20 

Copper 

1      ●  0.05-0.10 - - - N.A. 

2      ●  0.05-0.10 - - - N.A. 

3 - - - - - - - N.A. - - - N.A. 

Arsenic 

1 - - - - - - - N.A. - - - N.A. 

2 ●       0.10-0.20 - - - N.A. 

3 - - - - - - - N.A. - - - N.A. 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 
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 815 

 816 
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 818 
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 820 

 821 
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 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

Figure 5. SEM micrographs of the predominant morphological variation of calcite and struvite crystals 839 
observed across various elements and treatment levels. Backscattered electron imaging was used to 840 
enhance resolution and contrast. (A) Spherical calcite (Cd-T1); (B) Botryoidal calcite (Li-T1); (C,D) Star-841 
shaped calcite (Co-T1 and T2); (E) Flower-shaped calcite (Li-T1); (F) Fibrous-radial calcite (Cu-T1); (G) 842 
Donut-shaped calcite (Co-T2); (H) Dumbbell calcite (Cd-T1); (I) Bone-like calcite (Li-T1); (J) Coffin-shaped 843 
struvite (Ni-T1); (K) Twinned struvite (Ni-T1); (L) Prismatic struvite (Cr-T1); (M) Detail of hollow struvite 844 
(Pb-T1); (N) Needle struvite (Ni-T1); (O) Morphology of fine powder aggregates (Co-T3); (P) Detail of fine 845 
powder aggregates showing coral-like microstructure (Co-T2); (Q)  Mass aggregates in Cr-T3; (R) Detail of 846 
mass aggregate (Cr-T3).  847 

10 μm 

20 μm 
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3.3. Powder XRD 848 

 849 

The diffractograms (Figure 6) show the precipitation patterns, indicating variations in the 850 

relative proportions of the two main crystalline phases, calcite and struvite, across treatments for 851 

each element. Minerals from the apatite group were also identified in some treatments through 852 

XRD Rietveld refinement. Although distinct apatite peaks were not visually discernible in the raw 853 

diffractograms, likely due to low abundance, peak overlap, and poor crystallinity, Rietveld 854 

refinement confirmed the presence of chlorapatite and hydroxyapatite, with contents ranging 855 

from 0.95% to 5.1%, depending on the EMs and treatment. 856 

Crystals of apatite were not observed in either the larger or smaller fractions, suggesting that this 857 

phase is confined to the fine powder aggregate fraction. Arsenic and copper were excluded from 858 

the analysis due to insufficient mass for characterisation. 859 

Table 4 presents the relative percentages of the crystalline phases, calculated using Profex 860 

software version 5.4.1. (Do belin et al., 2015). These percentages are expressed as relative values, 861 

as no internal standard was employed to allow absolute quantification. 862 
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Figure 6. Stacked XRD diffractograms illustrating the crystallization of calcite and struvite in the presence 931 
of cobalt, nickel, lead, chromium, lithium, zinc, and cadmium across three treatment levels (T1- top line, T2  932 
- middle line, T3 - bottom line). The marked peaks correspond to struvite and the non-marked to calcite.  933 

struvite

calcite
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                   Table 4 934 
Percentage of major (calcite and struvite) and accessory phases (apatite group) 935 
identified in the precipitates. Phase proportions were determined using Profex software 936 
based on relative abundances, without the application of an internal standard. T = 937 
Treatment; N.A. Non applicable. Trace ( - ) phase not identified. 938 

 Main Phases Minor and Accessory Phases 
TOTAL 

(%) 
Element T Calcite (%) Struvite (%) 

Chlor 
apatite  

(%) 

Hydroxy 
apatite 

 (%) 

Apatite  
(%) 

Cadmium 

1 87.15 9.32 - 4.37 - 99.84 

2 87.78 11.78 - 1.27 - 100.85 

3 96.36 3.78 - - - 100.14 

Cobalt 

1 91.66 6.03 2.44 - - 100.13 

2 81.90 17.19 0.95 - - 100.04 

3 91.47 8.61 - - - 100.08 

Chromium 

1 76.70 20.52 - - 2.86 100.08 

2 89.84 9.07 - - 1.25 100.16 

3 N.A. N.A. N.A. N.A. N.A. N.A. 

Lead 

1 86.43 8.58 5.11 - - 100.11 

2 82.84 12.87 4.40 - - 100.11 

3 85.67 11.42 3.76 - - 100.79 
 

Lithium 

1 87.04 8.81 3.11 - - 99.95 

2 90.61 6.41 2.67 - - 99.82 

3 N.A. N.A. N.A. N.A. N.A. N.A. 

Nickel 

1 85.75 10.37 4.31 - - 100.43 

2 92.24 5.85 2.04 - - 100.13 

3 81.47 17.63 1.76 - - 100.86 

Zinc 

1 95.42 4.60 - - - 100.02 

2 93.11 6.97 - - - 100.08 

3 90.88 9.24 - - - 100.12 

Copper 

1 N.A. N.A. N.A. N.A. N.A. N.A. 

2 N.A. N.A. N.A. N.A. N.A. N.A. 

3 N.A. N.A. N.A. N.A. N.A. N.A. 

Arsenic 

1 N.A. N.A. N.A. N.A. N.A. N.A. 

2 N.A. N.A. N.A. N.A. N.A. N.A. 

3 N.A. N.A. N.A. N.A. N.A. N.A. 

 939 

The XRD diffractograms illustrate the evolving crystallisation behaviour of the two main 940 

phases in the system influenced by varying treatment levels across different elements. Chromium 941 

and lithium did not show enough crystallinity in T3 for a precise calculation of main phase 942 

percentages. For nickel, lead, chromium, lithium, and cadmium, sharper and more intense peaks 943 

are observed at T1, which progressively diminish toward T3. This trend suggests a higher degree 944 

of crystallinity at treatment levels with lower concentration of EMs. Interestingly, cobalt and zinc 945 

deviate from this pattern, displaying more intense and sharper peaks at T2 compared to T1, 946 

indicating that intermediate treatment levels create conditions more favourable for 947 

crystallisation, which then decline at T3. Arsenic and copper did not yield sufficient precipitate 948 

for XRD analysis. 949 
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The relative proportions of calcite and struvite varied across elements and treatments, 950 

with calcite consistently dominating the precipitates. Cobalt and lead displayed similar trends, 951 

with calcite reaching its highest proportions in T1 (91.66% and 86.43%, respectively), decreasing 952 

at T2 (81.9% and 82.84%), and increasing again at T3 (91.4% and 85.67%). Struvite showed an 953 

inverse pattern, peaking in T2 for both elements (17.19% for cobalt and 12.87% for lead) and 954 

decreasing at T1 and T3. 955 

Cadmium and nickel also exhibited high calcite content across all treatments. Calcite 956 

content for cadmium was lowest at T2 (87.15%) and peaked at T3 (96.3%), while nickel displayed 957 

the highest calcite proportion at T2 (92.24%) and the lowest at T3 (81.47%). Struvite proportions 958 

followed complementary trends for these elements, with cadmium reaching its highest struvite 959 

content at T2 (11.78%) and nickel at T3 (17.63%). 960 

Chromium, lithium, and zinc showed calcite as the predominant phase, with varying 961 

degrees of struvite content. Chromium exhibited calcite proportions of 76.7% at T1 and 89.8% at 962 

T2, while struvite decreased from 20.52% to 9.07%; no data were available for T3 due to 963 

insufficient precipitate mass. Lithium treatments showed calcite proportions of 87.04% at T1 and 964 

90.61% at T2, with struvite proportions at 8.81% and 6.41%, respectively. Zinc showed 965 

decreasing calcite content from T1 to T3 (95.42% to 90.88%), while struvite proportions 966 

increased steadily, peaking at 9.24% in T3. Data for copper is unavailable due to insufficient 967 

precipitate mass for characterisation. 968 

In addition to calcite and struvite, minerals from the apatite group were identified in 969 

cadmium, lead, lithium, and nickel treatments. The highest proportions were found in lead (5.11% 970 

in T1 and 4.40% in T2), followed by nickel (4.31% in T1 and 2.04% in T2), lithium (3.11% in T1 971 

and 2.67% in T2), cadmium (4.37% in T1 and 1.27% in T2) and cobalt (2.44% in T1 and 0.95% 972 

in T2). No apatite-group phases were detected in treatments with arsenic, copper, chromium, or 973 

zinc. Notably, apatite phases were not observed in either the larger or smaller crystal fractions, 974 

suggesting they are confined to the fine powder aggregate. 975 

 976 

4. Discussion 977 

 978 

Our investigation into mineral precipitation mechanisms in EMMP applications reveals a 979 

complex interplay between enzymatic and non-enzymatic processes. While biogeotechnical 980 

methods such as EICP have traditionally attributed mineralisation and metal immobilisation 981 

solely to the urease activity of crude urease extracts (Almajed et al., 2020), our findings indicate 982 

a broader network of interacting mechanisms. 983 

Although ureolysis-driven carbonate generation remains a principal driver of metal-984 

carbonate precipitation in our experiments, primarily governed by pH-dependent equilibrium 985 

conditions (Ahenkorah et al., 2021), precipitation efficiency is influenced by multiple 986 

interdependent pathways, as outlined in Section 1.1. Furthermore, the temporal progression of 987 

crystallogenetic processes introduces an additional layer of complexity to the overall 988 

mineralisation dynamics. 989 

A particularly noteworthy observation is the persistence of urease activity at pH values 990 

around 5.0—conditions traditionally considered suboptimal for urea hydrolysis. Although 991 

enzymatic activity increases with rising pH in most treatments, the detection of residual activity 992 
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below the generally accepted optimum range (pH 5–9) (Stocks-Fischer, 1999; Shu et al., 2022) 993 

suggests that the crude soybean extract retains partial catalytic functionality under mildly acidic 994 

conditions. This residual activity may arise from the inherent structural properties of soybean-995 

derived urease, the presence of protective biomolecules in the crude extract or bone meal 996 

solution, or the formation of localised alkaline microenvironments (Krajewska, 2019). Previous 997 

studies have shown that proteins, polysaccharides, and phosphoproteins can enhance enzymatic 998 

resilience by forming hydration shells or shielding catalytic sites from pH-induced denaturation 999 

(Beaufils et al., 2021). Additionally, enzyme–mineral interactions may buffer local pH fluctuations, 1000 

thereby stabilising catalytic performance in heterogeneous systems. 1001 

Of particular interest is the observation that immobilisation efficiency for elements such 1002 

as As, Cu, Ni, Cr, and Pb increased across treatments despite a concurrent decline in precipitate 1003 

mass. This decoupling between total mineral yield and immobilisation suggests that additional 1004 

mechanisms of biosorption play a critical role at elevated metal concentrations. Bulgariu and 1005 

Bulgariu (2018) demonstrated that the biosorption capacity of soy waste biomass increases with 1006 

the initial concentration of metal ions, primarily due to enhanced concentration gradients that 1007 

promote the diffusion of metal species towards active binding sites. Within EMMP systems, this 1008 

may involve complexation with functional groups in soybean- and bone-derived biomolecules or 1009 

sorption onto the surfaces of nascent mineral phases. Moreover, greater incorporation of metal 1010 

ions into mineral structures via ionic substitution, chemisorption, or surface complexation may 1011 

enhance immobilisation without proportionally increasing precipitate volume. These findings 1012 

support a conceptual model wherein EMMP efficiency results from a combination of 1013 

precipitation-based and sorption-driven processes, both of which become increasingly significant 1014 

under metal-rich conditions. 1015 

To further explore element-specific behaviours in EMMP, the ecotoxic metals studied were 1016 

classified based on their effects on urease activity and mineral precipitation dynamics. Some 1017 

acted as high-impact inhibitors, markedly suppressing both urease activity and mineral formation 1018 

under acidic conditions. Others functioned as low-impact inhibitors or even activators, with 1019 

effects most pronounced in alkaline conditions, where they mildly suppressed or enhanced 1020 

precipitation outcomes. 1021 

 1022 

4.1. High-impact inhibitors (acidic domain) 1023 

 1024 

Arsenic, copper, and chromium strongly inhibited urease activity, leading to lower pH, 1025 

suppressed ammonium production, and reduced precipitate mass. Despite this, removal 1026 

efficiency increased across treatments, albeit at different rates for each metal, indicating the 1027 

existence of alternative sequestration pathways. Under acidic conditions, carbonate 1028 

mineralisation was limited, and metal retention was instead likely governed by biomolecular 1029 

interactions, adsorption, and direct phosphate precipitation or formation of amorphous or 1030 

hydroxide-rich phases. These findings highlight the significance of non-carbonate immobilisation 1031 

pathways in systems where urease-driven alkalisation is restricted. 1032 

 1033 

4.1.1. Arsenic 1034 

 1035 
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Arsenic removal efficiency increased nearly tenfold from T1 to T3, despite a decline in pH, 1036 

ammonium production, precipitate mass, and the limited formation of crystalline precipitates, 1037 

suggesting that its immobilization was primarily driven by interactions with biomolecules 1038 

combined with adsorption mechanisms. 1039 

At the lowest tested concentration (2 mM), urease retained partial activity, resulting in 1040 

limited mineral precipitation. As concentration increased to 5 mM, there was a slight rise in 1041 

precipitate mass, with sparse calcite crystals forming. At 20 mM, precipitate mass decreased 1042 

further, indicating stronger inhibition of ureolysis and mineral precipitation. This inhibitory effect 1043 

is likely attributable to arsenic binding to sulfhydryl groups in the urease active site and/or 1044 

disruption of nucleation processes essential for crystal formation (Magomya & Barminas, 2017). 1045 

Arsenic exhibits low affinity for well-crystallised mineral phases such as calcite, where 1046 

adsorption and structural incorporation are typically limited under experimental conditions, 1047 

favouring the formation of amorphous phases over crystalline structures at high concentrations 1048 

(Renard et al., 2015; Tardif et al., 2019). Nonetheless, recent studies have demonstrated that 1049 

magnesium incorporation into the calcite lattice significantly enhances arsenic uptake by 1050 

inducing lattice distortion, increasing surface charge density, and facilitating both the substitution 1051 

of carbonate and hydroxyl groups and the formation of hydrogen bonds with As(III) (Gong et al., 1052 

2022). In addition, arsenic can also bind to proteins, interfering with processes necessary for 1053 

mineral nucleation, though this may contribute to enhanced removal efficiency under certain 1054 

conditions (Kumari et al., 2005). 1055 

In enzyme-mediated systems where both calcium and phosphate are available, arsenic 1056 

immobilisation may occur through its incorporation into calcium phosphate phases. This 1057 

mechanism has been demonstrated in biogeotechnical applications such as EICPP, where 1058 

phosphate-rich waste sources induce the precipitation of calcium phosphate minerals under 1059 

enzymatic control (Avramenko et al., 2024). Arsenate behaves similarly to phosphate and can 1060 

substitute into apatite-like structures following the transformation Ca₅(PO₄)₃OH → 1061 

Ca₅(AsO₄)₃OH, reducing arsenic mobility (Lee et al., 2009). In environments with sufficient 1062 

calcium and phosphate availability, arsenic may also form calcium arsenate (Ca₃(AsO₄)₂), a 1063 

sparingly  soluble compound that contributes to long-term sequestration (Yan et al., 2023). These 1064 

precipitation pathways were likely supported by the bone meal solution, which provided a source 1065 

of phosphate and calcium, facilitating arsenic entrapment in stable mineral phases. However, the 1066 

efficiency of these reactions depends on system conditions, as arsenic-phosphate interactions can 1067 

be influenced by competing sorption dynamics.  1068 

Studies have shown that arsenic can form stable complexes with functional groups such 1069 

as carboxyl, hydroxyl, and amine groups in aqueous environments, promoting sorption onto 1070 

biopolymers and mineral surfaces (Arai & Sparks, 2002). Under conditions where precipitation 1071 

was inhibited, this process, facilitated by biomolecules from soybean extracts and bone meal, may 1072 

have enhanced arsenic complexation and stability, ensuring its immobilization through non-1073 

mineral pathways (Manning & Goldberg, 1997; Czerniczyniec et al, 2007). Arsenic removal may 1074 

have partially occurred through adsorption onto hydroxyapatite particles derived from bone 1075 

meal, which can act as sorbents. 1076 

The presence of phosphate in the system may have introduced competitive interactions, 1077 

as arsenate and phosphate compete for sorption sites on mineral and biomolecular surfaces. This 1078 
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competition can either enhance or reduce arsenic retention, depending on the relative 1079 

concentrations and binding affinities of each species (Goldberg & Johnston, 2001). In systems 1080 

with high phosphate availability, arsenate may be displaced from mineral surfaces, reducing 1081 

overall immobilisation efficiency. Conversely, under lower phosphate conditions, arsenate 1082 

incorporation into hydroxyapatite and phosphate minerals may be more favourable. These 1083 

interactions highlight the complex geochemical behaviour of arsenic and its sensitivity to system-1084 

specific factors. 1085 

 1086 

4.1.2. Copper 1087 

 1088 

Although copper exhibited minimal mineralisation, its removal efficiency increased 1089 

approximately 1.5-fold from T1 to T3, despite consistently low ammonium production. As with 1090 

arsenic, these results suggest that other geochemical or biochemical mechanisms contributed to 1091 

metal immobilisation independently of ureolysis. In the case of copper, the increase in pH from 1092 

T1 to T3, contrary to the pH decline observed for arsenic, further indicates that multiple processes 1093 

were involved in pH regulation and metal retention. 1094 

Copper is known to bind to urease active sites, replacing Ni²⁺ and interfering with enzyme 1095 

function, which would suppress urea hydrolysis (Zambelli et al., 2011). The low ammonium levels 1096 

across all treatments and the decrease in precipitate mass from T2 to T3 support this hypothesis, 1097 

consistent with ureolysis inhibition. However, metal hydrolysis reactions may have contributed 1098 

to pH increases, particularly the formation of Cu(OH)₂ and Cu-hydroxy complexes (Powell et al., 1099 

2007; Li et al., 2020). Additionally, copper adsorption onto carboxyl and hydroxyl groups could 1100 

have altered proton exchange equilibria, further influencing pH dynamics (Witek-Krowiak et al., 1101 

2013; Lu et al., 2021). 1102 

Calcite precipitation was minimal, with only sparse, minor fibrous-radial calcite crystals 1103 

observed in T1 and T2, while T3 exhibited no distinct calcite structures and was instead 1104 

dominated by mass aggregates, suggesting a shift toward poorly crystalline or amorphous 1105 

sequestration mechanisms. The absence of struvite further supports the idea that inorganic 1106 

mineralisation was not the primary pathway for copper immobilisation. 1107 

Given the suppression of crystalline mineral phases, it is likely that copper immobilisation 1108 

proceeded via ion exchange, complexation, and surface adsorption onto amorphous or poorly 1109 

crystalline materials. These disordered phases, which readily form in the presence of organic 1110 

molecules and when ureolysis is inhibited, offer a high surface area and abundant reactive sites. 1111 

Li et al. (2014) demonstrated that nanostructured Fe–Cu oxides exhibited enhanced phosphate 1112 

uptake due to surface adsorption onto amorphous domains, highlighting the sorptive capacity of 1113 

such materials. Similarly, Czerniczyniec et al. (2007) reported arsenate binding onto biogenic 1114 

hydroxyapatite with low crystallinity, and Kaur et al. (2023) confirmed that Cu²⁺ can be 1115 

immobilised via microbially induced precipitation even in the absence of defined mineral phases, 1116 

through incorporation into amorphous CaCO₃ or by surface complexation mechanisms involving 1117 

organic matrices. 1118 

Enzyme-mediated nucleation of these phases is plausible, given the presence of 1119 

extracellular polymeric substance (EPS)-like components in the crude urease extract, such as 1120 

proteins, polysaccharides, and polyphenols, as well as organic molecules in the bone meal 1121 
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solution, including collagen peptides, amino acids, and organic acids. These biomolecules likely 1122 

act as nucleation centres, stabilising copper within non-crystalline forms through coordination 1123 

and hydrogen bonding (Shu et al., 2022). The increase in pH from T1 to T3 may have further 1124 

enhanced the stability of these Cu-organic complexes, favouring copper immobilisation via 1125 

disordered mineral–organic matrices over well-defined crystalline phases (Li et al., 2020; Lu et 1126 

al., 2021; Zeng et al., 2025). 1127 

 1128 

4.1.3. Chromium 1129 

 1130 

Cr(III) exhibited decreasing pH, decreasing mass production and crystallinity, consistently 1131 

low ammonium production, and high removal efficiency (>89.96%). The decline in pH indicates 1132 

that ureolytic activity was increasingly inhibited with rising Cr(III) concentrations, leading to 1133 

limited carbonate precipitation. Since ammonium production remained low across all treatments, 1134 

ureolysis was likely suppressed by Cr(III) binding to urease active sites or interference with 1135 

ureolytic pathways. Despite reduced mass production, Cr(III) retention remained high, indicating 1136 

alternative immobilization mechanisms became dominant at higher concentrations. 1137 

Cr(III) immobilisation was likely influenced by interactions with carboxyl (-COO⁻), 1138 

hydroxyl (-OH), and phosphate (-PO₄³⁻) groups, facilitating adsorption onto mineral and organic 1139 

surfaces. A study by Witek-Krowiak et al. (2013) demonstrated that this process can promote ion 1140 

exchange of Cr(III)  with lighter cations (Ca²⁺, Mg²⁺, K⁺, H⁺), creating localised microenvironments 1141 

that enhance metal retention. Fourier-transform infrared (FT-IR) spectroscopy studies suggest 1142 

that interactions between Cr(III) and functional groups cause structural distortions in carbonate 1143 

phases, consistent with inner-sphere complexation rather than lattice substitution (Rouff, 2012). 1144 

Direct substitution of Cr³⁺ for Ca²⁺ in carbonate structures is unlikely due to ionic radius 1145 

differences (Shannon, 1976). Instead, Cr(III) was more likely retained through surface 1146 

complexation, adsorption onto interstitial sites within amorphous phases, or precipitation as an 1147 

alternative solid phase, restricting mobility (Fenter et al., 2022). X-ray absorption fine structure 1148 

(XAFS) spectroscopy further indicates that Cr(III) in coprecipitation systems would not occupy 1149 

Ca²⁺ lattice positions but remain as surface-adsorbed Cr(OH)₃ or within amorphous carbonate 1150 

precipitates (Fang et al., 2022). 1151 

Another potential Cr(III) immobilisation pathway involved its association with 1152 

phosphate-rich phases, forming Cr–P interactions that enhanced metal retention (Rouff, 2012). 1153 

Minor quantities of apatite were identified in the powdered material (2.86% in T1 and 1.25% in 1154 

T2), although it was absent from the larger crystalline precipitate fractions and from T3. This 1155 

suggests that phosphate-rich microenvironments may have contributed to Cr(III) immobilisation 1156 

in the finer fractions, likely via adsorption or incorporation into poorly crystalline phosphate 1157 

phases. At higher Cr(III) concentrations, however, the dominant retention mechanism appears to 1158 

shift towards adsorption onto other substrates or precipitation as Cr(OH)₃, as phosphate phases 1159 

were no longer detected in T3. This transition from phosphate-associated retention to hydroxide-1160 

driven pathways is consistent with previous studies, which indicate that at lower Cr(III) 1161 

concentrations (≤20 μM), Cr(III) preferentially interacts with phosphate groups, whereas at 1162 

elevated concentrations it tends to precipitate as Cr(OH)₃ (Fang et al., 2022). 1163 
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Direct Cr(OH)₃ precipitation is a plausible immobilisation mechanism, particularly in 1164 

environments where carbonate and phosphate buffering capacity maintain conditions favourable 1165 

for hydroxide formation (Tang et al., 2019). Although no distinct Cr(OH)₃ peaks were detected in 1166 

the PXRD patterns, its presence cannot be entirely ruled out, as it may have formed as an 1167 

amorphous or poorly crystalline phase below the detection limit, an interpretation supported by 1168 

prior studies (Fang et al., 2022; Tang et al., 2019). Additionally, functional group interactions with 1169 

organic molecules, such as proteins and polysaccharides, may have stabilised Cr(III) through 1170 

complexation, preventing remobilisation and further enhancing sequestration (Gadd et al., 2010). 1171 

 1172 

4.2. Low-impact inhibitors/activators (alkaline domain) 1173 

 1174 

Lead, nickel, cobalt, cadmium, lithium, and zinc were associated with higher pH values, 1175 

greater variation in removal efficiencies and ammonium production, and sustained mineral 1176 

precipitation, contrasting with the acidic domain metals. Unlike metals that restricted ureolysis 1177 

and limited carbonate precipitation, this group facilitated carbonate and phosphate 1178 

mineralization, influencing metal speciation, solubility, and precipitation pathways. In addition to 1179 

mineral-driven retention, alternative pathways—including surface complexation, co-1180 

precipitation with evolving mineral phases, and interactions with organic ligands— contributed 1181 

to sequestration and phase transformations. The extent to which each of these mechanisms 1182 

dominated varied among metals in this group. 1183 

 1184 

4.2.1. Lead 1185 

 1186 

Lead exhibited distinctive behaviour, characterised by the highest and most stable pH 1187 

values (~9.14–9.16), near-complete removal (>99.78%), and consistent crystal formation across 1188 

treatments. While lead is a known urease inhibitor—interfering with the enzyme's dinuclear Ni²⁺ 1189 

active site by displacing coordinated ligands or binding to nearby thiol-containing residues 1190 

(Amtul et al., 2002; Kataria & Khatkar, 2019)—this inhibition may be attenuated in complex 1191 

matrices where organic molecules such as proteins or chelating agents sequester Pb²⁺ ions. The 1192 

high removal efficiency observed suggests multiple concurrent immobilisation pathways, 1193 

including phosphate precipitation, carbonate co-precipitation, and protein-mediated adsorption. 1194 

Immediate turbidity and a chalky appearance observed across all treatments suggest 1195 

instantaneous supersaturation, leading to the formation of Pb-phosphate colloidal precipitates, 1196 

initially forming amorphous precipitates that later transform into more stable crystalline phases. 1197 

Chlorapatite was detected in all treatments indicating an appreciable presence of phosphate 1198 

phases at lower Pb concentrations, which progressively diminished as carbonate precipitation 1199 

became more dominant. In urease-driven systems, these phosphates may transition into calcite 1200 

and other phosphate minerals through sequential chemical and mineralogical processes 1201 

(Hashimoto et al., 2009). This behaviour aligns with biosorbents such as bone meal and soybean-1202 

derived matrices, where ion exchange with Ca²⁺ and Mg²⁺, surface complexation with hydroxyl, 1203 

carboxyl, and amino functional groups, and direct precipitation contribute to Pb retention (Liu et 1204 

al., 2013). The presence of amide (-NH₂) and carboxyl (-COO⁻) groups in protein-based 1205 
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biomolecules enhances metal chelation, while Pb binding to organic matrices further restricts 1206 

mobility (Bulgariu et al., 2021). 1207 

As the system evolves, initial phosphate phases undergo dissolution and re-precipitation, 1208 

driven by fluctuations in saturation state and local chemical conditions (Chou et al., 1989). High 1209 

carbonate availability facilitates calcite nucleation, which may either co-precipitate with or 1210 

replace phosphate phases depending on ion concentrations and pH stability (Wang et al., 2012). 1211 

Pb is incorporated into calcite lattices due to its ionic similarity to Ca²⁺, forming Pb-substituted 1212 

carbonate structures, further stabilising its immobilisation (Callagon et al., 2014). This dual-1213 

phase immobilisation—where Pb transitions between phosphate and carbonate phases—is 1214 

critical in alkaline environments, as it minimises re-solubilisation and enhances long-term 1215 

stability. Organic molecules also mediate these transformations, directing crystal growth and 1216 

stabilising intermediate phases by altering nucleation kinetics (Dupraz et al., 2009). The low 1217 

ammonium levels observed in the system likely reflect a balance between moderate ureolytic 1218 

production and concurrent immobilisation processes—such as incorporation into struvite, 1219 

enzyme encapsulation, or early carbonate saturation—rather than simply indicating limited 1220 

urease activity. 1221 

Crystallisation patterns further suggest concentration-dependent saturation effects. At 1222 

lower Pb concentrations (T1, T2), undersaturation favours controlled nucleation and growth, 1223 

producing well-defined crystals ranging from 0.10 to 0.50 mm. In contrast, higher Pb 1224 

concentrations (T3) induce supersaturation, promoting rapid nucleation and the formation of 1225 

fine aggregates due to intense competition for carbonate ions. Additionally, Pb binding to crystal 1226 

surfaces disrupts ordered mineral development, further influencing morphology (Fiorito et al., 1227 

2022). Such disruptions are frequently observed in protein-mediated mineralisation systems, 1228 

where organic ligands influence crystal habit and growth directionality (Evans, 2020). Together, 1229 

the strength of Pb-phosphate and Pb-carbonate interactions and the role of organic biomolecules 1230 

underscore a multifaceted immobilisation process involving precipitation, adsorption, and 1231 

biomolecular entrapment 1232 

 1233 

4.2.2. Lithium 1234 

 1235 

Due to its monovalent charge and weak binding affinity for urease cofactors such as Ni²⁺, 1236 

lithium appears to have a negligible effect on urease activity in all treatments. As a result, urease 1237 

activity remains stable, ensuring uninterrupted carbonate dynamics and favouring calcite 1238 

precipitation. This is reflected in consistently high ammonium production (79.63% to 85.97%) 1239 

across treatments, which indicates robust urease activity, drives urea hydrolysis, and provides a 1240 

steady supply of carbonate ions for precipitation. 1241 

Lithium promotes characteristic calcite precipitation patterns due to stable pH conditions 1242 

and limited competition for binding sites. Across treatments, pH remains stable with a modest 1243 

increase in precipitate mass, while lithium removal efficiency declines from T1 to T3. This trend 1244 

may reflect lithium’s weak interaction with mineral surfaces: its high solubility promotes rapid 1245 

nucleation, but limited affinity for the crystal lattice results in poor incorporation and 1246 

predominant surface adsorption (Fu ger et al., 2019). 1247 
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In lithium treatments, calcite crystals exhibit a broad size distribution in T1, progressively 1248 

narrowing in T2 and T3. XRD diffractograms and micromorphological analysis reflect a reduction 1249 

in crystallinity from T1 to T3. Lithium ions may be adsorbed at low concentrations onto calcite 1250 

surfaces without significantly modifying crystal growth patterns. However, at higher 1251 

concentrations, lithium interferes with step-edge attachment sites (Pastero et al., 2004), 1252 

increasing nucleation rates while limiting overall crystal growth, leading to the fibrous calcite 1253 

structures observed in T3, as lithium alters the energy barriers associated with nucleation and 1254 

growth. This behaviour aligns with studies on alkali metal interactions with carbonate minerals, 1255 

where lithium has been observed to modify crystal habit by promoting one-dimensional over two-1256 

dimensional faceted growth (Gu et al., 2024). 1257 

Diffractograms confirm high calcite proportions in lithium treatments, increasing from 1258 

91.2% in T1 to 93.6% in T2, with struvite content decreasing correspondingly from 8.8% to 6.4%. 1259 

This trend suggests that lithium promotes calcite precipitation while inhibiting struvite 1260 

formation. Lithium's relatively small ionic radius (0.76 A ) and strong hydration energy reduce its 1261 

ability to incorporate into phosphate-based minerals like struvite. Unlike magnesium, which 1262 

stabilizes the struvite lattice, lithium interacts weakly with phosphate ions, making its 1263 

incorporation into struvite energetically unfavourable. Instead, lithium weakly adsorbs onto 1264 

calcite surfaces, further reinforcing its role in promoting carbonate precipitation over phosphate 1265 

mineralization (Pastero et al., 2004). Although lithium does not directly contribute to phosphate 1266 

mineralisation, Rietveld refinement revealed the presence of chlorapatite in T1 (3.11%) and T2 1267 

(2.67%) as minor accessory phases. These likely formed through localised supersaturation of 1268 

calcium and phosphate ions released from bone meal under alkaline conditions sustained by 1269 

ureolysis. 1270 

The narrowing crystal size range in T3 and reduced removal efficiency suggest that higher 1271 

lithium concentrations promote rapid nucleation but limit crystal growth, reducing lithium 1272 

incorporation into mineral phases. Its weak coordination with organic ligands in the system 1273 

further ensures that carbonate dynamics remain unaffected. (Fulfer et al., 2025). 1274 

 1275 

4.2.3. Nickel and cobalt 1276 

 1277 

Nickel and cobalt exhibit similar trends, with both metals showing pH decline and 1278 

decreasing ammonium production as their concentrations increase. Nickel, a native cofactor for 1279 

urease, can lead to allosteric inhibition or oversaturation of binding sites when present in excess, 1280 

disrupting enzyme activity. Cobalt, like nickel, interacts with urease and may inhibit its activity 1281 

through direct binding to essential cofactors, leading to reduced enzymatic efficiency. This 1282 

interference leads to progressive suppression of ureolysis, limiting carbonate formation and 1283 

subsequently affecting mineralisation (Singh et al., 2017). However, metal-binding peptides and 1284 

proteins, particularly metallothionein and glutathione, may reduce the free concentration of Ni²⁺ 1285 

and Co²⁺ in solution, potentially modulating urease inhibition (Balzano et al., 2020). 1286 

Despite this inhibition, removal efficiency increases across treatments, suggesting the 1287 

involvement of secondary immobilisation mechanisms, particularly metal-phosphate complex 1288 

formation. Nickel and cobalt react with phosphate ions released from bone meal or enzymatic 1289 

phosphatase activity, forming nickel phosphate (Ni₃(PO₄)₂) and cobalt phosphate (Co₃(PO₄)₂) 1290 
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during mineralisation (Liu et al., 2017). Nickel phosphate crystallises directly, whereas cobalt 1291 

phosphate initially forms an amorphous precursor before transitioning into a crystalline phase, 1292 

influenced by biomolecules that stabilise amorphous cobalt phases before crystallisation 1293 

(Ho velmann et al., 2019; Karafiludis et al., 2022). Rietveld refinement revealed the presence of 1294 

chlorapatite in both nickel and cobalt treatments, with decreasing proportions from T1 to T3 (Ni: 1295 

4.31%, 2.04%, 1.76%; Co: 2.7%, 0.9%, 0%). This trend suggests that apatite formation occurred 1296 

under conditions of high phosphate and calcium availability at lower metal concentrations but 1297 

was progressively suppressed at higher concentrations. In these environments, competitive 1298 

pathways—such as the direct precipitation of metal-specific phosphates (e.g., Ni₃(PO₄)₂, 1299 

Co₃(PO₄)₂) or incorporation into struvite—likely dominated phosphate immobilisation as metal 1300 

concentrations increased. The formation of chlorapatite under lower metal loadings indicates 1301 

that calcium-phosphate precipitation was a relevant immobilisation route, particularly when 1302 

carbonate saturation and urease inhibition were moderate. At higher concentrations, enhanced 1303 

urease suppression, increased carbonate precipitation, or preferential binding of phosphate to 1304 

metal ions likely limited apatite nucleation. 1305 

Nickel and cobalt exhibit distinct behaviours in carbonate precipitation. Nickel is 1306 

primarily retained through surface adsorption onto calcite rather than lattice incorporation, 1307 

modifying crystal morphology without significant structural incorporation. In contrast, cobalt 1308 

disrupts calcite formation by introducing structural distortions, favouring amorphous or 1309 

alternative carbonate phases instead of direct lattice substitution (Parigi et al., 2022; Lakshtanov 1310 

& Stipp, 2007). These differences are influenced by biomolecules, as metal-binding proteins and 1311 

peptides stabilise amorphous phases for cobalt, delaying crystallisation, whereas nickel's 1312 

stronger interaction with phosphate groups leads to earlier and more structured precipitation 1313 

(Karafiludis et al., 2022; Reddy & Prasad, 1990). 1314 

In struvite formation, nickel incorporates directly into the lattice as Ni-struvite 1315 

(NH₄NiPO₄·6H₂O) without requiring an amorphous precursor. In contrast, cobalt follows a two-1316 

step process, first forming an amorphous precursor before crystallising into Co-struvite or cobalt 1317 

phosphate; biomolecules also contribute to this two-step mechanism in an analogous way to the 1318 

calcite, by stabilising amorphous cobalt phases before they transition into crystalline structures, 1319 

affecting nucleation and growth dynamics (Karafiludis et al., 2022). 1320 

Nickel precipitate mass peaks at T2 before declining in T3, while cobalt precipitation 1321 

continues increasing from T1 to T3, reflecting differences in mineral transformation pathways. 1322 

Increased urease inhibition at higher Ni²⁺ concentrations may have reduced carbonate 1323 

availability for precipitation, alongside competition with other ions and changes in mineral 1324 

saturation dynamics. In contrast, cobalt maintains phosphate-dominated precipitation pathways, 1325 

further distinguishing its mineralisation behaviour (Singh et al., 2017). Metal-binding proteins 1326 

modulate these precipitation trends, particularly in biomolecule-rich environments (Yaashikaa et 1327 

al., 2024). 1328 

 1329 

4.2.4 Cadmium and Zinc 1330 

 1331 

Cadmium demonstrates a stable, slightly increasing trend in pH and ammonium 1332 

production from T1 to T3, accompanied by a consistent rise in precipitate mass and metal 1333 
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immobilisation efficiency. Although cadmium has been shown to inhibit urease activity at 1334 

concentrations exceeding 50 μM this inhibition becomes more pronounced at higher 1335 

concentrations, such as 500 μM, likely due to its high affinity for sulfhydryl (-SH) and histidine 1336 

residues at the enzyme’s active site (Kaur et al., 2023). These interactions disrupt the 1337 

coordination of essential Ni²⁺ ions and impair enzymatic catalysis, mirroring the mechanism 1338 

observed for thiol- and histidine-targeting inhibitors like Ag⁺ and N-phenylmaleimide (Svane et 1339 

al., 2020). However, biomolecules from bone meal and soybean-derived materials likely mitigate 1340 

this effect by complexing with Cd²⁺, reducing its free-ion activity. The sustained ammonium 1341 

production suggests that urease-mediated urea hydrolysis remains active, supporting continuous 1342 

carbonate formation. Additionally, metallothioneins and phytochelatins, which bind Cd²⁺, may 1343 

further reduce free-ion activity, thus minimizing urease inhibition and promoting precipitation 1344 

pathways. 1345 

Crystallographic analysis indicates that cadmium consistently incorporates into 1346 

crystalline mineral phases across treatments, forming cadmium carbonate (otavite) or cadmium 1347 

phosphate; Cd²⁺ can substitute for Ca²⁺ in calcite, forming a stable Cd-Ca solid solution, or 1348 

undergo chemisorption onto calcite surfaces, influencing precipitation efficiency (Kaur et al., 1349 

2023). The precipitation pathway depends on phosphate availability: in carbonate-rich systems, 1350 

Cd forms cadmium carbonate, while in phosphate-rich environments, Cd initially forms 1351 

amorphous cadmium phosphate, which later transitions into crystalline structures (Guo et al., 1352 

2023). The high phosphate content in bone meal may further promote cadmium-phosphate 1353 

formation, while organic molecules in soybean-derived biomaterials contribute to Cd 1354 

immobilisation through adsorption and chelation mechanisms. Crystallographic analysis 1355 

identified hydroxyapatite at 8.5% in T1 and 1.2% in T2, with no detectable presence in T3, 1356 

indicating that phosphate-mediated immobilisation dominated at lower cadmium concentrations 1357 

but progressively gave way to carbonate-driven pathways as phosphate availability or 1358 

precipitation kinetics shifted. 1359 

While Cd²⁺ does not significantly affect phosphate removal efficiency, it alters struvite 1360 

crystallisation. At low concentrations, Cd²⁺ integrates into struvite without disrupting its 1361 

structure, but at higher concentrations, it destabilises crystallisation, promoting the formation of 1362 

amorphous phases and inhibiting the nucleation of well-defined crystals (Saidou et al., 2015; 1363 

Korchef et al., 2023; Guo et al., 2023). The parallel trends of increasing removal efficiency and 1364 

consistent crystallinity indicate a well-regulated mineralisation process. However, crystal 1365 

morphology evolves across treatments: T1 exhibits a diverse range of forms (0.10–0.50 mm, 1366 

including spherical, globular, star-shaped, and dumbbell-like structures), whereas T3 1367 

predominantly features spherical and globular forms. Higher Cd²⁺ concentrations promote rapid 1368 

nucleation, reducing morphological diversity and favouring simpler crystal shapes. 1369 

Zinc exhibits a stable but slightly decreasing pH from T1 to T3, indicating mild urease 1370 

inhibition at higher concentrations, likely due to Zn²⁺ binding to urease's active site, which 1371 

reduces urea hydrolysis and ammonium production (Zambelli et al., 2011; Svane et al., 2020). 1372 

Despite this, precipitate mass steadily increases across treatments, suggesting secondary 1373 

immobilisation mechanisms such as coprecipitation or mixed-metal mineral phase formation. 1374 

Zinc's coordination with biomolecules, particularly histidine, glutamate, and cysteine, likely 1375 
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affects calcite incorporation, struvite formation, and phosphate precipitation by stabilizing 1376 

amorphous phases and influencing mineralisation pathways. 1377 

Zinc mineralisation patterns reveal that Zn is incorporated into calcite primarily through 1378 

ion substitution with Ca²⁺, forming a solid solution with smithsonite (ZnCO₃) at low 1379 

concentrations. XRD analysis confirmed that calcite remained the dominant phase across all 1380 

treatments, consistently representing over 90% of the precipitate mass, while no apatite or other 1381 

phosphate phases were detected. Zn initially adsorbs as a tetrahedral complex on calcite surfaces 1382 

but transitions into octahedral coordination upon full lattice incorporation (Mavromatis et al., 1383 

2019). However, at higher Zn concentrations, strain effects in the calcite lattice reduce Zn 1384 

incorporation efficiency (Cheng et al., 1998; Wang et al., 2021). 1385 

Zinc's interaction with struvite varies with concentration. At low Zn²⁺ levels (≤5 μM), Zn 1386 

adsorbs onto struvite surfaces as octahedral and tetrahedral complexes, slightly distorting the 1387 

crystal lattice. However, at ≥50 μM, Zn integration into struvite declines in favour of separate Zn-1388 

phosphate precipitates (Rouff & Juarez, 2014, Lu et al., 2021). This shift alters struvite 1389 

morphology, producing smaller crystals (0.20–0.50 mm) and increasing overall struvite content 1390 

to 16.2% in T3, according to XRD analysis. Calcite crystals also remain small (0.05–0.30 mm), with 1391 

the smallest appearing in T3. Diffractograms show sharper peaks at T2, indicating favourable 1392 

conditions for Zn crystallisation at intermediate concentrations, but peak intensity declines at T3 1393 

due to supersaturation effects (Brazier et al., 2024; Wang et al., 2021). 1394 

Competitive interactions with phosphate and other metal ions influence zinc 1395 

coprecipitation. In mixed-metal systems containing Zn and Cu, Zn preferentially binds to 1396 

phosphate, increasing Zn-phosphate precipitation while suppressing Cu-phosphate formation. 1397 

This competition suggests that Zn's strong affinity for phosphate alters mineralisation pathways 1398 

and reduces its retention within struvite at high concentrations. No apatite-group minerals were 1399 

identified in any of the zinc treatments, despite the presence of phosphate in the system. This 1400 

absence can be attributed to the strong affinity of Zn²⁺ for phosphate, which promotes the rapid 1401 

formation of amorphous zinc phosphate phases. These interactions likely sequester phosphate 1402 

before apatite nucleation can occur and alter local saturation conditions, making them 1403 

unfavourable to the slow and ordered crystallisation pathway required for apatite formation. 1404 

Instead, mineralisation proceeds via alternative routes, including amorphous Zn–phosphate 1405 

complexes and carbonate-based immobilisation. 1406 

In cadmium treatments, hydroxyapatite was detected at 4.37% in T1 and 1.27% in T2 but 1407 

was absent in T3. The formation of apatite in cadmium treatments and its absence in zinc reflects 1408 

the sensitivity of phosphate mineralisation pathways to the balance between Ca²⁺, PO₄³⁻, and the 1409 

target metal. In cadmium systems, apatite formed under conditions of high calcium and 1410 

phosphate availability, where phosphate was not yet fully sequestered by cadmium. As Cd²⁺ 1411 

concentrations increased, phosphate was increasingly directed towards the formation of 1412 

cadmium carbonate or cadmium phosphate phases, progressively suppressing apatite formation. 1413 

In zinc systems, by contrast, the formation of amorphous phosphate phases and the preferential 1414 

binding of Zn²⁺ to PO₄³⁻—likely driven by its high affinity and rapid complexation—limited the 1415 

availability of phosphate for apatite nucleation, thereby inhibiting the development of this phase 1416 

even under favourable chemical conditions. 1417 

 1418 
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5. Conclusions 1419 

 1420 

This study demonstrated that Enzyme-Mediated Multiphase Precipitation (EMMP) is an 1421 

effective metal immobilization strategy, achieving high removal efficiencies for most tested EMs. 1422 

Removal rates exceeded 95% for lead, cadmium, and lithium and 80% for cobalt, nickel, zinc, and 1423 

chromium whereas arsenic, and copper exhibited lower removal efficiencies, likely due to their 1424 

inhibitory effects on enzymatic and precipitation pathways. The relative immobilization 1425 

efficiency followed the sequence: Pb > Cd > Li > Cr > Zn > Co > Ni > Cu > As based on mean removal 1426 

across treatments, underscoring the differential responses of metals within the EMMP system. 1427 

The primary immobilization pathway was governed by the ureolytic process, wherein 1428 

urease catalyses urea hydrolysis, generating ammonium and carbonate. This reaction promoted 1429 

the formation of calcite, struvite and accessory phases, enabling both direct precipitation of metal 1430 

carbonates and co-precipitation within evolving mineral phases. However, secondary 1431 

mechanisms—including ion exchange, surface adsorption, and biomolecule-mediated 1432 

interactions—further enhanced metal retention by stabilizing intermediates and expanding the 1433 

range of immobilization pathways beyond carbonate mineralization. Notably, in several 1434 

treatments, metal immobilisation increased despite lowered precipitate mass, suggesting the 1435 

significant contribution of biosorption and direct lattice incorporation mechanisms under metal-1436 

rich conditions. Direct phosphate precipitation also played a key role in immobilising certain 1437 

metals, particularly lead, where phosphate precursors influenced the crystallogenesis of both 1438 

calcite and struvite phases. This mechanistic complementarity expands the range of conditions 1439 

under which EMMP remains effective. 1440 

Additionally, ammonium mitigation occurred through multiple, concurrent pathways, 1441 

including incorporation into mineral structures such as struvite and metal-substituted struvite, 1442 

adsorption onto mineral surfaces, and complexation with biomolecules present in the crude 1443 

urease extract. The differences in ammonium concentrations across treatments—highest in the 1444 

lithium and zinc systems, moderate in cadmium, nickel, and cobalt, and lowest in the presence of 1445 

chromium, copper, lead, and arsenic—were driven by the combined effects of these mitigation 1446 

mechanisms and metal-specific urease inhibition, as well as variations in phosphate and metal 1447 

availability, mineral phase formation, and pH-dependent equilibria. Importantly, EMMP 1448 

demonstrated efficacy even under mildly acidic conditions (pH ~5.0), traditionally unfavourable 1449 

for urea hydrolysis, indicating that the crude extract retains partial catalytic function in such 1450 

environments. This integrated performance reinforces EMMP’s role as a comprehensive solution 1451 

for both metal and nitrogen management. 1452 

While this study examined a wide array of EMs, it primarily focused on their individual 1453 

behaviours rather than their interactions within complex multi-metal systems. However, real-1454 

world contaminated environments typically contain mixtures of metals that can influence each 1455 

other’s precipitation and immobilization dynamics. For instance, arsenic strongly inhibited 1456 

crystallization, which may impact the effectiveness of EMMP when applied to mixed-metal 1457 

contamination scenarios. Future research should investigate metal–metal interactions within 1458 

EMMP systems to determine whether competitive inhibition, synergistic effects, or preferential 1459 

precipitation pathways emerge in multi-contaminant settings. Understanding these interactions 1460 
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will be essential for optimizing EMMP performance in real-world applications and ensuring its 1461 

reliability as a remediation strategy.  1462 

Additionally, while this study investigated EMMP in aqueous systems, its effectiveness in 1463 

soil environments remains to be fully explored. The presence of soil minerals, organic matter, and 1464 

varying geochemical conditions could influence precipitation pathways, metal immobilization 1465 

efficiency, and long-term stability. Future research should focus on applying EMMP to 1466 

contaminated soils, assessing its interactions with soil matrices, and evaluating potential 1467 

limitations or enhancements that arise from soil heterogeneity, porosity, and microbial activity. 1468 

These insights will be critical for translating EMMP from controlled laboratory conditions to 1469 

large-scale field applications. 1470 

Beyond its remediation potential, EMMP aligns with circular economy principles and the 1471 

GHG Protocol by utilizing food waste-derived enzymes and mineral waste sources. It offers a low-1472 

energy, sustainable alternative to conventional chemical precipitation methods. Its ability to 1473 

enhance metal sequestration while minimizing greenhouse gas emissions supports broader 1474 

environmental applications, including contaminated soil stabilization and wastewater treatment. 1475 

To enhance the applicability of EMMP, future research should focus on three key aspects: 1476 

improving mechanistic understanding by identifying the specific enzymes and biochemical 1477 

interactions responsible for secondary immobilization pathways; assessing the long-term 1478 

stability of immobilized metals under variable environmental conditions, including pH 1479 

fluctuations, redox changes, and biological activity; and validating large-scale applications 1480 

through field trials to refine process parameters and assess feasibility in diverse contamination 1481 

scenarios. Additionally, it is essential to evaluate potential by-products of the process, particularly 1482 

the concentrations of calcium, magnesium, iron, manganese, bromate, chlorine, and other 1483 

compounds in treated water, to ensure compliance with water quality standards and mitigate 1484 

unintended environmental impacts. 1485 

Overall, this study underscores the versatility of EMMP under controlled laboratory 1486 

conditions as an innovative, multifunctional biogeotechnical approach for heavy metal 1487 

immobilization and ammonium mitigation, with strong potential for scalable environmental 1488 

applications. 1489 
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