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Abstract. In Iran, a considerable proportion of agricultural soils are contaminated with various 9 

heavy metals (HMs), including nickel (Ni), necessitating remediation to mitigate their transfer into 10 

the food chain. However, there remains a scarcity of research on the effectiveness of applying 11 

organic and inorganic materials, either individually or in combination, for Ni immobilization in 12 

contaminated calcareous soils. To address this gap, an incubation experiment as completely 13 

randomized design with three replications was conducted to compare the effect of different soil 14 

amendments, either individually or combined (municipal solid waste compost (M), bentonite (B), 15 

municipal solid waste compost biochar (MB), M+B, MB+B, MB+M each applied at 2% wt.) on 16 

Ni immobilization in a calcareous soil with three Ni contamination levels (0 (Ni0), 150 mg kg-1 17 

(Ni1) and 300 mg kg-1 (Ni2). The study employed analytical techniques such as SEM-EDX, XRD, 18 

FTIR, sequential extraction, and DTPA-release kinetics to assess the efficiency of these 19 

amendments on stabilizing Ni in the soil. Elevating Ni levels from Ni0 to Ni2 increased Ni 20 

concentrations across all soil fractions, especially in Fe/Mn oxides (FeMnOx) and organic matter 21 

(OM). All amendments except M enhanced Ni immobilization by converting more labile fractions 22 

(WsEx, Car, FeMnOx) into residual (Res) form. While combined amendments were not more 23 

effective than single treatments, MB was the most efficient in stabilizing Ni. MB also exhibited 24 

the lowest 'a' and highest 'b' values attributed to the power function kinetics model, indicating 25 

superior Ni desorption reduction. These finding are likely due to its alkaline pH, ash content, and 26 

phosphorus content, which facilitate Ni precipitation. In contrast, M increased Ni desorption by 27 

raising its bioavailability (WsEx and Car fractions). The combined application of biochar (MB) 28 

with either bentonite (B) or compost (M) did not exhibit synergistic effects on the immobilization 29 

of Ni in the soil. In conclusion, the independent application of municipal solid waste-derived 30 

biochar appears to be a potentially effective amendment for enhancing Ni immobilization in 31 

contaminated calcareous soils. 32 

1 Introduction 33 

Heavy metal(loid)s (HMs) are toxic elements that can build up in farmland due to human 34 

activities like urbanization, industry, mining, and agrochemical use. Once in the soil, HMs are 35 

absorbed by crops, contaminating food and posing serious health risks. They also damage 36 

beneficial soil microbes, disrupting nutrient cycles and reducing agricultural output (Jahandari and 37 

Abbasnejad, 2024; Faraji et al., 2023; Munir et al., 2021). Nickel (Ni) is a unique HMs that, unlike 38 

mercury (Hg), cadmium (Cd), and lead (Pb), is essential for plant growth in minute quantities. 39 
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However, at concentrations exceeding 35 mg kg-1 soil, Ni becomes harmful, causing physiological 40 

and morphological disruptions that severely impair plant development (Shahzad et al., 2018). In 41 

Iran, industrial-adjacent agricultural soils exhibit alarmingly high Ni levels, with an average 42 

concentration of 350 mg kg-1, far exceeding environmental safety thresholds (Shahbazi et al., 43 

2022). A nationwide study analyzing 711 soil samples revealed Ni concentrations ranging 44 

from 2.79 to 770 mg kg-1, with 11.3% of soils surpassing permissible limits (Shahbazi et al., 2020). 45 

When direct removal of toxic ions is unfeasible, immobilizing them on solid surfaces is the 46 

optimal approach (Derakhshan Nejad et al., 2018). To achieve this, materials such as biochar, clay 47 

minerals, and bio/polymers are incorporated into soils. These additives, known as "soil modifiers," 48 

significantly influence the soil's physicochemical properties, sorption capacity, and microbial 49 

communities (Jin et al., 2024; Gong et al., 2024; Rasheed and Moghal, 2024). Compost improves 50 

HMs immobilization through increased soil organic matter (SOM), which enhances metal 51 

complexation and cation exchange capacity (Asemoloye et al., 2020). However, its efficacy varies 52 

with decomposition rates and may be limited by potential HMs release during compost 53 

mineralization (Hobbs et al., 2011). Biochar, a carbon-rich material produced through biomass 54 

pyrolysis, exhibits strong sorption properties due to its large surface area, porous structure, 55 

abundance of surface functional groups (e.g., carboxyl, hydroxyl, and phenolic groups), and high 56 

aromaticity (Comath et al., 2025; Afshar and Mofatteh, 2024). Its effectiveness in immobilizing 57 

HMs in soil depends on factors such as the original feedstock, pyrolysis temperature, particle size, 58 

and soil type (Gholizadeh et al., 2024; Fakhar et al., 2025). On the other hand, natural bentonite 59 

primarily consists of montmorillonite, a 2:1 clay mineral known for its high cation exchange 60 

capacity (CEC) and excellent water retention properties (Zhang et al., 2020). Bentonite clay 61 

effectively eliminates HMs from soil, offering a solution due to its permanent surface charges and 62 

isomorphic substitution properties (Mi et al., 2020; Xie et al., 2018). Also, from an economic 63 

standpoint, bentonite is a highly attractive soil amendment due to its affordability and widespread 64 

global availability (Peng and Sun, 2012).  65 

It is widely recognized that the toxicity of HMs is determined by their geochemical fractions 66 

rather than their total concentrations in soil (Pelfrene et al., 2020). Additionally, accurately 67 

assessing the health risks posed by HMs in contaminated soils relies on how precisely plant uptake 68 

is simulated (Krauße et al., 2019). Therefore, integrating sequential extraction methods with HMs 69 

release kinetics studies is essential for gaining deeper insights into the behavior of these metals in 70 

polluted soils (Wang et al., 2021). Recent studies have commonly employed time-dependent 71 

release kinetic experiments using single extractants, along with sequential extraction procedures, 72 

to assess how effectively soil amendments immobilize HMs in contaminated soils (Boostani et al., 73 

2024a; Boostani et al., 2023). Analysis of a contaminated soil sample demonstrated that Ni and Cu 74 

were predominantly present in residual (Res) fractions (53% and 57%, respectively), with 75 

subsequent partitioning in organic (OM), Fe-Mn oxide (FeMnOx), carbonate (Car), and soluble 76 

+exchangeable (WsEx) fractions. The application of bentonite significantly altered metal 77 

speciation, reducing labile (WsEx) fraction while enhancing retention in FeMnOx and Res phases. 78 

This shift effectively decreased the mobility and bioavailability of the HMs, highlighting 79 

bentonite's potential as an immobilizing agent in remediation strategies (Gao and Li, 2022a). In 80 

another study, Boostani et al. (2023)  investigated biochar (cow manure, municipal compost, 81 
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licorice root pulp; 300/600 °C) effects on Ni stabilization in a Ni-contaminated calcareous soil. 82 

They indicated that High-temperature biochars (600 °C) reduced mobile Ni (10–42%) and 83 

increased Res Ni (13–38%), with ash-rich biochars most effective.   84 

So far, research about comparing the efficacy of individually and combined application of 85 

compost, biochar, and bentonite on chemical fractions and release kinetics of Ni in contaminated 86 

calcareous soils has been limited, leaving the effectiveness of this approach uncertain. We 87 

hypothesized that (1) biochar will outperform compost and bentonite alone due to its stable carbon 88 

structure and alkalinity, and (2) combined applications will enhance Ni immobilization through 89 

complementary mechanisms. Therefore, this study aimed to address the knowledge gap by 90 

evaluating whether combining these three materials (compost, biochar, and bentonite) for soil Ni 91 

immobilization is scientifically supported. Moreover, the research aimed to uncover the 92 

fundamental soil chemical mechanisms driving these observed effects.  93 

2 Materials and methods 94 

2.1 Soil Collection, Characterization, and Ni Contamination 95 

A topsoil sample (0-30 cm) was collected from a calcareous soil in Darab, southern Iran, using 96 

an auger. The soil was air-dried immediately, sieved through a 2 mm mesh, and stored at room 97 

temperature for further physical and chemical analyses. Standard laboratory methods (Sparks et 98 

al., 2020) were employed for soil characterization. For Ni contamination, 2 kg of soil was placed 99 

in plastic containers and mixed with 500 mL of a NiCl2 solution to achieve a final concentration 100 

of 150 and 300 mg Ni kg-1 soil. The treated soil was then air-dried at ambient temperature, brought 101 

to field capacity (FC) using distilled water, and dried again. This wetting-drying cycle was 102 

repeated three times to ensure Ni equilibration, simulating natural field conditions (Boostani et al., 103 

2024a). 104 

2.2 Biochar preparation and its characteristics 105 

Municipal solid waste compost was chosen as feedstock for biochar production. It was first air-106 

dried and finely ground. The processed biomass was then oven-dried at 105 °C for 24 hours. Slow 107 

pyrolysis was carried out in an electric muffle furnace (Shimifan, F47) under limited oxygen 108 

conditions (Khalili et al., 2024). The temperature was gradually increased at a rate of 5 °C per 109 

minute from room temperature until reaching 500 °C, which was maintained for two hours. After 110 

pyrolysis, the biochars were allowed to cool naturally and then sieved through a 0.5 mm mesh to 111 

ensure consistent particle size. The chemical properties of the biochars were assessed using 112 

standard laboratory methods (Singh et al., 2017). Fourier Transform Infrared (FTIR) spectroscopy 113 

(Shimadzu DR-8001) with the KBr pellet technique was used to analyze surface functional groups. 114 

Additionally, the surface morphology of the biochars was examined using scanning electron 115 

microscopy—Energy Dispersive X-ray Spectroscopy (SEM-EDX) (TESCAN-Vega3, Czech 116 

Republic). X-ray diffraction (XRD) analysis was performed using a GNR XRD Explorer 117 

diffractometer (Italy) with Cu Kα radiation (λ = 1.54178 Å), scanning a 2θ range of 10° to 70°. 118 

 119 

 120 
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2.3 Preparation and composition of bentonite 121 

 122 

The bentonite used in this research was sourced from natural mines in Semnan province, Iran. 123 

The raw material was crushed and sieved to achieve a particle size below 0.5 mm. Table 1 presents 124 

the elemental analysis of the bentonite powder employed in the study. 125 

 126 
Table 1. Elemental composition of the natural bentonite (%). 

SiO2 Al2O3 Fe2O3 Na2O K2O CaO MgO TiO2 Cl 

70.56 11.93 1.64 2.11 0.49 0.39 2.68 0.2 0.48 

2.4 Experimental Design and Incubation Procedure 127 

The experiment followed a factorial arrangement in a completely randomized design with three 128 

replicates. The treatments consisted of three Ni levels (0 (Ni0), 150 (Ni1), and 300 (Ni2) mg kg-1 129 

soil supplied as NiCl2) and Seven soil amendment types: control (no amendment, Cl), municipal 130 

solid waste compost (M), bentonite (B), municipal solid waste compost biochar (MB), M+B, 131 

MB+B and MB+M). Each amendment was applied at a 2% (w/w) rate. 200 g of Contaminated soil 132 

samples (spiked with 150 and 300 mg Ni kg⁻¹) was placed in plastic containers and thoroughly 133 

mixed with the designated amendments. The soil moisture was adjusted to near field capacity using 134 

distilled water. The samples were incubated at 25±2°C for 90 days, with moisture levels 135 

maintained by daily additions of distilled water. After incubation, the soil was air-dried, sieved (2 136 

mm), and stored for subsequent chemical analysis. 137 

2.5 Fractionation of soil Ni 138 

Nickel in the soil was partitioned into five chemical fractions using the sequential extraction 139 

procedure described by Salbu and Krekling (1998). The fractions included: water-soluble + 140 

exchangeable (WsEx), carbonate-bound (Car), iron-manganese oxide-bound (FeMnOx), organic 141 

matter-bound (OM) and residual (Res). The residual fraction was determined by subtracting the 142 

sum of the first four fractions from the total soil Ni content. Total Ni concentration in the soil was 143 

measured following the method of Sposito et al. (1982).  144 

2.6 Nickel desorption study 145 

The Ni desorption experiment was conducted by mixing 10 g of air-dried soil with 20 mL of 146 

DTPA solution (pH 7.3) (Lindsay and Norvell, 1978). The extraction process was performed using 147 

an end-over-end shaker at 25 ± 2°C for varying time intervals (5, 15, 30, 60, 120, 360, 720, and 148 

1440 minutes). Following each extraction period, samples were centrifuged at 4000 rpm for 10 149 

minutes. The resulting supernatants were filtered through Whatman No. 42 filter paper, and Ni 150 

concentrations were determined by atomic absorption spectroscopy (AAS; PG 990, PG 151 

Instruments Ltd., UK). The time-dependent Ni release (qₜ) was modeled using a power function 152 

kinetic equation (qₜ = atb). Model validity was assessed based on high coefficient of determination 153 

(r²) values and low standard error of estimate (SEE). 154 

 155 

 156 
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2.7 Statistical Analysis 157 

All data were processed using MSTATC software. Treatment means were compared using 158 

Tukey’s multiple range test at p ≤ 0.05. Graphical representations were prepared in Microsoft 159 

Excel 2013, while Pearson correlation analyses were performed with SPSS 22.0 software. 160 

3 Results and discussions 161 

3.1 Soil characteristics 162 

Table 2 summarizes the pre-contamination physicochemical properties of the soil, 163 

characterized by a sandy loam textural class. The soil was slightly alkaline, with elevated calcium 164 

carbonate (42.0%), indicating potential phosphorus fixation and reduced micronutrient 165 

availability. Low electrical conductivity (0.58 dS m⁻¹) confirms negligible salinity, while minimal 166 

organic carbon (0.39%) suggests restricted nutrient cycling. These attributes are consistent with 167 

the soil characteristics found in the arid and semi-arid regions of Iran (Mirkhani et al., 2010). 168 

Although total Ni (38.0 mg kg⁻¹) was slightly higher than the typical background level (35 mg kg-169 
1) (Shahzad et al., 2018), its low DTPA-extractable fraction (0.20 mg kg⁻¹) indicates limited 170 

bioavailability under prevailing conditions. 171 

Table 2. Some physicochemical characteristics of the soil 

sample prior to contamination. 

value characteristics 

53.7 Sand (%) 

24.3 Silt (%) 

22.0 Clay (%) 

Sandy loam Soil textural class 

7.50 pHs 

0.58 Electrical conductivity (dS m-1) 

0.39 Soil organic carbon (%) 

12.0 Cation exchange capacity (cmolc kg-1) 

42.0 Calcium carbonate equivalent (%) 
0.20 Ni-DTPA (mg kg-1) 

38.0 Total Ni (mg kg-1) 

 172 

3.2 Chemical properties of the soil amendments 173 

Table 3 shows the chemical properties of three soil 174 

amendments with varying physicochemical properties. The MB had the highest electrical 175 

conductivity (2.26 dS m-1) and pH (9.12) among the amendments, followed by M (1.84 dS m-1, 176 

7.42) and B (0.83 dS m-1, 8.40). Organic-rich amendments (MB and 177 

M) contain quantifiable amounts of carbon (23.0%, 18.1%), nitrogen (1.85%, 2.50%), and 178 

phosphorus (0.42%, 0.29%), but B does not contain these nutrients. The 179 

MB is also significantly greater in ash content (65.0%) and Ni concentration (21.6 mg kg-1) 180 

compared to the M (50.0%, 14.0 mg kg-1), reflecting its pyrolyzed nature. The H:C mole 181 

ratio, a measure of aromaticity  (Mccall et al., 2024), is lower in the MB than in 182 

M, reflecting greater carbon stability in the biochar (Table 3). These contrasts emphasize the 183 
alkaline, nutrient-rich, and recalcitrant nature of MB relative to the greater nitrogen content of 184 

M and the more inert, mineralogical nature of B. 185 
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 186 

Table 3. Chemical characteristics of applied amendments.  

B MB M Characteristics 

0.83 2.26 1.84 EC (1:20) (dS m-1) 

8.40 9.12 7.42 pH (1:20) 

-- 23.0 18.1 Total C (%) 

-- 2.44 3.40 Total H (%) 

-- 1.85 2.50 Total N (%) 

-- 0.42 0.29 Total P (%) 

Nd 21.6 14.0 Total Ni (mg kg-1) 

-- 65.0 50.0 Ash Content (%) 

-- 7.71 23.0 *O+S content (%) 

-- 1.27 2.25 H:C mole ratio 

Notes:  M, Municipal solid waste compost; MB, Municipal solid waste compost 

biochar; B, Bentonite clay; *Determined by subtraction of ash, moisture, C, N 

and H from total mass 

 187 

3.3 FTIR, SEM-EDX and XRD of the soil amendments 188 

FTIR spectrum of MB, produced through pyrolysis of compost, 189 

exhibits several changes as a result of thermal degradation during biochar production (Figure 190 
1). Most notably, decreased intensity or absence of C=O stretching vibrations near 1700 cm⁻¹ 191 

(carboxyl groups) (Keiluweit et al., 2010) in the MB compared to M suggests a loss in 192 

CEC, which is corroborated by the lower O+S content of MB (Table 3). The intense band at 1432 193 

cm⁻¹ in MB may suggest greater contents of CaCO3 or lignin-derived structures  (Myszka et al., 194 

2019) compared to M. Conversely, the weakened band at 1100 cm⁻¹ specific for cellulose 195 

(Keiluweit et al., 2010) in MB suggests thermal degradation of the labile organic 196 

constituents by pyrolysis, once again pointing toward the structural transformation from 197 

compost to biochar. The FTIR spectrum of MB also shows characteristic mineral-associated 198 

vibrations, with Si-H stretching bands at 470 cm⁻¹ and 800 cm⁻¹ easily recognizable 199 

(Zemnukhova et al., 2015). The spectral features likely indicate the formation of organo-mineral 200 

complexes as a result of thermal transformation processes during pyrolysis (Lehmann and Joseph, 201 

2024).  202 

 203 
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204 

Figure 1. FTIR spectra for the organic amendments (M and MB) in the range of 400-2000 cm-1 205 
Notes: M, Municipal solid waste compost; MB, Municipal solid waste compost biochar 206 

 207 

The EDX analysis showed distinct elemental composition for each amendment, in agreement 208 

with their respective organic or inorganic sources (Figure 2). Bentonite clay contained 209 

predominantly silicon (Si, 33.9%) and aluminum (Al, 7.10%), in agreement with its 210 

aluminosilicate mineral nature. Trace levels of elements such as iron (Fe, 1.99%) and alkali metals 211 

(Na and K) reflect the presence of natural impurities. On the other hand, the organic amendments 212 

contained significantly higher carbon (C, 19.9% for M; 26.1% for MB) and nitrogen (N, 4.22% 213 

for M; 3.50% for MB) content, which is a reflection of their compost-derived organic matter. MB 214 

had higher carbon content due to higher carbonization from the pyrolysis process. In addition, MB 215 

contained a significantly higher proportion of calcium (Ca, 22.2%), possibly originating from 216 

mineral additives or ash materials developed during the production of biochar. 217 

The SEM images also presented surface structural differences in the amendments (Figure 2). 218 

Bentonite clay showed a close, laminated structure with level, platelet-shaped particles 219 

characteristic of aluminosilicate minerals, in line with its high Si and Al percentages. The M 220 

possessed a heterogeneous, porous structure with irregularly sized organic pieces, consistent with 221 

its organic origin and partially decomposed biomass. In contrast, the biochar (MB) possessed an 222 

extremely porous, broken morphology with a honeycomb structure, the outcome of pyrolytic 223 

treatment that maximizes surface area and promotes carbon retention. 224 

 225 
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      226 

   227 

   228 

Figure 2. SEM-EDX of the organic and inorganic amendments (M, MB and B).  229 
Notes:  M, Municipal solid waste compost; MB, Municipal solid waste compost biochar; B, Bentonite clay. 230 
 231 

 232 

The XRD analysis of the soil amendments contained distinct crystalline phases: the M exhibited 233 

a broad hump (2θ ~20–35°)  typical for amorphous organic matter (e.g., cellulose, lignin) 234 

(Noorshamsiana et al., 2020) with quartz peaks (2θ ~26.6°) (Zuo et al., 2016) and minor traces of 235 
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calcite (minor peaks at ~40-50°) (Al-Jaroudi et al., 2007). The MB showed sharp graphitic carbon 236 

peaks (2θ ~ 50°) (Destyorini et al., 2021) due to pyrolysis-induced crystallinity, along with 237 

persistent quartz (2θ ~26.6°) and potential calcium oxalate or phosphate (Peaks near 30°) phases 238 

(Petrova et al., 2019). Bentonite clay was dominated by montmorillonite reflections (2θ: 19.8°, 239 

35°, and 62°), with quartz impurities (2θ: 21.8°, 26.6°, 35.9°) (Ikhtiyarova et al., 2012). 240 

 241 

 242 

Figure 3. The XRD patterns for all the soil amendments (M, MB and B).  243 
Notes:  M, Municipal solid waste compost; MB, Municipal solid waste compost biochar; B, Bentonite clay. 244 

 245 

3.4 Changing the soil pH as affected by different amendments 246 

The influence of Ni levels, soil amendments, and their interactions on soil pH was statistically 247 

significant (P < 0.01). Elevating Ni levels from Ni0 to Ni2 resulted in a 0.03 unit decrease in soil 248 

pH, whereas no significant difference was observed between Ni0 and Ni1 levels (Table 4). This pH 249 

reduction at higher Ni concentrations may be attributed to Ni-induced displacement of 250 

exchangeable H⁺ ions or the hydrolysis of Ni+2, which releases protons into the soil solution 251 

(Sparks et al., 2022). Consistent with the present study, elevating Ni application from 150 to 300 252 

mg Ni kg⁻¹ in a calcareous soil contaminated with Ni resulted in an average reduction of 0.20 units 253 

in soil pH (Boostani et al., 2020). In contrast, amendments differentially increased soil pH, with 254 

the most pronounced effect (0.24 units) recorded for the MB+B treatment, while the minimal 255 

increase (0.05 units) was associated with M (Table 4). The pH-enhancing effect of amendments 256 

(M, MB, and B) can be ascribed to their liming properties, as confirmed by the FTIR (Figure 1), 257 

EDX (Figure 2) and chemical composition (Table 3) analysis. Both biochar and bentonite exhibit 258 

inherent alkalinity, consistent with their established role in mitigating soil acidity (Xie et al., 2024). 259 

The increase in soil pH observed with the B addition could be attributed to its high levels of SiO2, 260 

MgO, and CaO (Table 1), which help neutralize soil acidity (Afzal et al., 2024). Additionally, 261 

biochar contributes to higher pH by exchanging its surface salt-based ions (Na⁺, Ca²⁺, K⁺, and 262 
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Mg²⁺) with acidic H⁺ in the soil, thereby boosting salt-based ion saturation and improving soil 263 

alkalinity (Lin et al., 2023). Notably, combined amendments like MB+B, M+B yielded higher soil 264 

pH values (7.61 and 7.57, respectively) than individual applications (M, B, MB) (Table 3), 265 

suggesting synergistic mechanisms wherein bentonite’s high CEC may enhance retention of base 266 

cations derived from biochar or compost, thereby further neutralizing soil acidity. In agreement 267 

with our results, Xie et al. (2024) observed that a 1:1 weight ratio mixture of corn straw biochar 268 

and bentonite led to a greater rise in soil pH compared to their separate applications. Interaction 269 

analysis revealed the highest and lowest pH values in the Ni0×MB+B (7.69) and Ni0×Cl (7.21) 270 

treatments, respectively. Additionally, Ni application appeared to attenuate soil pH variability 271 

across amendments compared to the Ni0 level (Table 4).   272 

Table 4. Changing the soil pH as affected by the application of different amendments 

 Cl M B MB M+B MB+B MB+M  

Ni0 7.21 j 7.36 i 7.53 de 7.47 fg 7.63 b 7.69 a 7.60 bc 7.50 A 

Ni1 7.49 e-g 7.47 fg 7.54 de 7.47 fg 7.57 cd 7.54 de 7.48 fg 7.51 A 

Ni2 7.41 h 7.42 h 7.47 fg 7.42 h 7.51 ef 7.60 bc 7.45 gh 7.47 B 

 7.37 F 7.42 E 7.51 C 7.45 D 7.57 B 7.61 A 7.51 C  
Notes: Cl, control (without amendment addition); M, municipal solid waste compost; B, bentonite clay; MB, municipal solid waste 

compost biochar; Ni0, without Ni application; Ni1, application of 150 mg Ni kg-1 soil; Ni2, application of 300 mg Ni kg-1 soil. 

Numbers with same lower letters (interaction effects), in each section, had no significance difference to each other (P < 0.05). 

Also, numbers with same capital letters (main effects), in each section, had no significance difference to each other (P < 0.05).    

 273 

3.5 Changes of soil Ni chemical fractions as affected by the amendment application 274 

The Ni levels, soil amendment types, and their interactions exhibited statistically significant 275 

influences on Ni concentrations in the WsEx, Car and Res fractions (Table 5). Overall, elevating 276 

Ni levels from Ni0 to Ni2 resulted in significant increases in Ni concentrations across all chemical 277 

fractions, with the most pronounced rise observed in the FeMnOx and OM fractions (16.8-fold 278 

and 15.4-fold), respectively. In calcareous soils, the elevated pH (typically >7.5) enhances the 279 

formation of FeMn oxides/hydroxides with numerous reactive sites, which act as strong sinks for 280 

Ni via specific adsorption, co-precipitation, and surface complexation (Sparks et al., 2022; 281 

Rinklebe et al., 2016). Furthermore, Ni strongly complexes with organic ligands, particularly 282 

humic and fulvic acids, via carboxyl and phenolic functional groups, leading to its preferential 283 

retention in organic matter-bound fractions under aerobic conditions (Huang et al., 2023). The 284 

present findings align with prior research by Boostani et al. (2020), which identified Res, OM and 285 

FeMnOx fractions as the dominant chemical forms of Ni in a highly Ni-contaminated calcareous 286 

soil. Moreover, Mailakeba and Bk (2021) demonstrated that increasing the application rate of Ni 287 

(supplied as NiCl2) from 0 to 180 mg kg-1 soil led to a substantial elevation in the soil Ni content 288 

within the OM fraction. 289 

The efficacy of soil amendments in altering Ni concentrations within the WsEx fraction varied 290 

depending on initial soil Ni levels (Table 5). In the absence of added Ni (Ni0), all amendments 291 

except M significantly reduced Ni-WsEx concentrations relative to the CL, with the most 292 

substantial decrease (60.7%) observed in the MB treatment (Table 5). Conversely, at the Ni1 level, 293 

MB, MB+B, and MB+M treatments reduced Ni-WsEx concentrations, though only MB 294 

demonstrated statistically significant effect (Table 5). In contrast, at the Ni2 level, amendments 295 
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containing M (M, M+B, and MB+M) significantly increased Ni-WsEx content compared to the 296 

CL, whereas other amendments had no significant impact (Table 5). Overall, the application of M 297 

consistently led to an increase in Ni concentrations within the WsEx fraction across all the Ni 298 

levels (Table 5). Additionally, the effectiveness of combined amendments containing M, such as 299 

M+B and MB+M, in reducing Ni concentrations in the WsEx fraction appeared to be lower 300 

compared to the application of each component individually (B and MB) (Table 5). The municipal 301 

solid waste compost possesses a limited number of binding sites; however, its capacity to retain 302 

HMs is influenced by both the metal’s affinity for the binding sites and the compost’s pre-existing 303 

trace element load. While Pb exhibits strong binding affinity, Ni does not (Cao et al., 2023). The 304 

M contained considerable concentrations of Ni (Table 3) as well as other competing cations such 305 

as Ca, Mg, and K (Figure 2). Consequently, the available binding sites may become saturated, 306 

thereby reducing the compost's effectiveness in immobilizing newly introduced Ni. In other point 307 

of view, during the microbial decomposition process, compost may release dissolved organic 308 

carbon (DOC), which can chelate Ni and maintain it in soluble forms (Flury et al., 2015). 309 

Conversely, among all treatments, MB demonstrated the greatest efficacy in reducing Ni 310 

concentrations in the WsEx fraction under non-contaminated (Ni0) and moderately contaminated 311 

(Ni1) conditions. This result can likely be attributed to the alkaline properties of MB, characterized 312 

by its high pH, ash content, and phosphorus levels (Table 3), which promote the precipitation of 313 

Ni as hydroxides, carbonates, and phosphates in the soil (Boostani et al., 2024b).  Nevertheless, at 314 

the highest contamination level (Ni2), the application of MB did not significantly affect soil Ni 315 

content in the WsEx fraction (Table 5). Although the porous structure of MB (Figure 2) provides 316 

numerous adsorption sites for Ni+2 ions, these sites may become saturated under high Ni 317 

concentrations, resulting in the persistence of residual Ni within the WsEx fraction (Liang et al., 318 

2021).  319 

The experimental soil, despite its calcareous nature, exhibited unexpectedly low Ni 320 

concentrations in the Car fraction compared to the Res and FeMnOx fractions (Table 5 and Figure 321 

4). This observation suggests that either the standard 1 M sodium acetate (pH 5) extraction method 322 

may be insufficiently aggressive to fully dissolve carbonate-bound Ni, or that Ni demonstrates 323 

only marginal chemical preference for carbonate association in such soil environments (Rajaie et 324 

al., 2008). Statistical analysis of interactions revealed that under Ni0 conditions, none of the 325 

amendments, whether applied singly or in combination, significantly altered the Ni content in the 326 

Car fraction (Table 5). At moderate Ni contamination (Ni1), only MB, B, and their combined 327 

application (MB+B) produced a statistically significant reduction in Ni concentration within the 328 

Car fraction relative to the control, with no notable differences observed among these treatments 329 

(Table 5). Boostani et al. (2020) demonstrated that incorporating various crop residue-derived 330 

biochars into a Ni-contaminated calcareous soil effectively decreased Ni concentration within the 331 

Car fraction. Furthermore, previous research supports the observations regarding the bentonite 332 

application, with Gao and Li (2022b) documenting dose-dependent reductions in Ni content in the 333 

Car fraction following bentonite application to contaminated soils. Parallel findings by Boostani 334 

et al. (2025) stablished an inverse relationship between bentonite application rates and Cd 335 

concentration in the Car fraction of a polluted calcareous soil. Conversely, under high Ni 336 

contamination (Ni2), treatments involving M alone or in combination with B and MB (M+B, 337 

M+MB) led to a marked elevation in the Car fraction compared to the control. The most substantial 338 
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increase (50.8%) was recorded for the sole application of M (Table 5). In contrast, MB, B, and 339 

their combined use (MB+B) exhibited no significant influence on Ni content in this fraction at the 340 

Ni2 level (Table 5).  341 

 342 

Table 5. Soil Ni content in fractions of WsEx, Car and Res as affected by the application of amendments 

 Cl M B MB M+B MB+B MB+M  

   WsEx-Ni    

Ni0 6.75 e-g 7.15 e-g 4.30 h-j 2.65 j 4.15 h-j 3.57 ij 3.65 ij 4.62 C 

Ni1 8.09 d-f 9.40 cd 8.32 d-e 5.69 g-i 10.50 bc 6.15 f-h 7.79 d-f 7.99 B 

Ni2 12.20 b 17.19 a 12.29 b 10.53 bc 16.57 a 10.53 bc 15.54 a 13.55 A 

 9.01 A 11.25 A 8.30 B 6.29 C 10.40 A 6.81 C 8.99 B  

   Car-Ni    

Ni0 4.75 h 3.89 h 3.69 h 3.77 h 3.83 h 3.82 h 3.79 h 3.93 C 

Ni1 18.51 f 19.25 ef 14.08 g 15.24 g 20.67 d-f 15.73 g 19.64 ef 17.59 B 

Ni2 21.28 c-e 32.09 a 22.98 c 22.89 cd 29.34 b 21.49 c-e 28.80 b 25.55 A 

 14.85 B 18.41 A 13.58 C 13.97 C 17.94 A 13.68 C 17.41 A  

   Res-Ni    

Ni0 15.81 m 31.10 l 20.34 m 42.76 k 33.86 kl 41.88 k 55.71 j 34.49 C 

Ni1 76.70 i 79.63 i 93.27 eh 100.6 fg 86.65 hi 102.6 fg 104.8 f 92.01 B 

Ni2 132.8 d 118.6 e 146.1 c 172.1 a 136.6 cd 168.6 ab 160.3 b 147.8 A 

 74.96 C 76.46 C 86.55 B 105.2 A 85.72 B 104.3 A 106.9 A  
Notes: Cl, control (without amendment addition); M, municipal solid waste compost; B, bentonite clay; MB, municipal solid waste 

compost biochar; Ni0, without Ni application; Ni1, application of 150 mg Ni kg-1 soil; Ni2, application of 300 mg Ni kg-1 soil; 

WsEx-Ni, water and soluble form of Ni; Car-Ni, carbonate-bound Ni; Res-Ni, residual Ni. 

Numbers with same lower letters (interaction effects), in each section, had no significance difference to each other (P < 0.05). 

Also, numbers with same capital letters (main effects), in each section, had no significance difference to each other (P < 0.05).    

 343 

The interaction between Ni levels and soil amendments did not demonstrate statistically 344 

significant effects (P < 0.05) on altering Ni concentrations in the FeMnOx and OM fractions, 345 

although the main effects of each factor were individually significant (P < 0.05). Among the 346 

amendments, only B, MB, and their combination (MB+B) significantly reduced soil Ni content in 347 

the FeMnOx fraction compared to the control, whereas other treatments showed no significant 348 

impact. Nevertheless, no statistically significant differences were observed among the M, MB, and 349 

MB+B treatments (Figure 4). A plausible explanation is that over time, a portion of the soil Ni 350 

present in the FeMnOx fraction may undergo enhanced transformation into the more stable form 351 

like Res, particularly under biochar and zeolite amendments (Ali et al., 2019). The application of 352 

M and M+MB treatments significantly increased the Ni concentration in the OM fraction relative 353 

to the control, though no statistically significant difference was observed between these two 354 

treatments (Figure 4). The obtained result suggests that Ni ions preferentially form complexes with 355 

carboxyl functional groups on the M surface (as evidenced by C=O stretching vibrations at ~1700 356 

cm-1 in Figure 1), demonstrating stronger binding affinity compared to other passivation agents 357 

(Bashir et al., 2018). The application of biochar and compost amendments elevates soil organic 358 

matter content, thereby improving its capacity for immobilizing both HMs and organic 359 

contaminants through enhanced adsorption mechanisms (Li et al., 2020; Puga et al., 2015). 360 

Previous studies have documented that biochar and compost amendments can significantly 361 

increase the proportion of soil HMs associated with the OM fraction (Li et al., 2021; Paradelo et 362 

al., 2018).    363 
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 364 

 365 

             366 

Figure 4. The main effects of amendments on changing the soil Ni concentration in the FeMnOx and OM fractions. 367 
Notes Cl, control (without amendment addition); M, municipal solid waste compost; B, bentonite clay; MB, municipal 368 
solid waste compost biochar. Ni-FeMnOx, Ni bound to iron-manganese oxides; Ni-OM, Ni bound to organic matter. 369 
Numbers with same lower letters had no significance difference to each other (P < 0.05). 370 

 371 

The Res fraction represents the most stable chemical form of HMs in soil, bound within the 372 

lattice structure of clay minerals and exhibiting no bioavailability (Shen et al., 2022). At the Ni0 373 

level, the application of all amendments significantly elevated the Ni concentration in the Res 374 

fraction compared to the control, with the greatest increase observed under the combined MB+M 375 

treatment (3.5-fold) (Table 5). For the Ni1 and Ni2 levels, treatments including B, MB, MB+M, 376 

and MB+B significantly enhanced the Ni content in the Res fraction relative to the control. 377 

Specifically, under Ni1 conditions, the combined MB+M treatment exhibited the highest Ni 378 

accumulation (+36.6%). In contrast, at the Ni2 level, MB alone produced the greatest increase 379 

(+29.6%), though their effects did not differ significantly from that of the MB+B treatment (Table 380 

5). The results suggest that as soil Ni contamination levels increase, the effectiveness of soil 381 

amendments in promoting Ni retention in the Res fraction appears to diminish (Table 5). Pearson 382 

correlation analysis revealed a significant positive relationship (r=0.42, P<0.01) between Ni 383 

concentration in the Res fraction and soil Olsen-P content. This correlation suggests that elevated 384 

phosphorus levels in the soil solution, resulting particularly from MB and M amendments (which 385 

contain high P concentrations as shown in Table 3), may enhance Ni presence in the Res fraction 386 

through the formation of insoluble Ni-phosphate compounds (Boostani et al., 2023). Biochar 387 

produced from biomass, particularly livestock manure and municipal solid waste enhance the 388 

bioavailability of P in soil upon application (Shi et al., 2023). 389 

 Finally, the sequential fractionation analysis of soil Ni revealed that all amendments except M 390 

promoted Ni immobilization by converting more accessible fractions (WsEx, Car, and FeMnOx) 391 

into the Res form. Notably, combined application of amendments including MB+M, MB+B ad 392 

M+B demonstrated no superior immobilization efficacy compared to individual treatments, with 393 

MB (biochar) emerging as the most effective amendment for Ni stabilization. Conversely, the M 394 
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(compost) treatment appeared to enhance Ni mobility by increasing its concentration in 395 

bioavailable fractions (WsEx and Car). Mailakeba and Bk (2021) investigated the effects of 396 

incorporating kunai grass biochar at a rate of 0.75% into soils with varying Ni contamination levels 397 

(0, 56, 100, and 180 mg Ni kg⁻¹ soil). Their findings indicated that the biochar amendment 398 

enhanced Ni retention in the Res fraction while decreasing its presence in other soil fractions. 399 

Similarly, Boostani et al. (2023) reported that the addition of three different biochars derived from 400 

cow manure, municipal solid waste compost, and licorice root pulp, each applied at 3% (w/w), to 401 

a Ni-contaminated soil resulted in elevated Ni concentrations in the OM and Res fractions, 402 

alongside a reduction in Ni levels within the WsEx, Car, and FeMn oxide fractions. 403 

3.6 Desorption pattern of soil Ni extracted by DTPA over time 404 

The influence of various amendments on Ni release by DTPA solution over a 24-hour period is 405 

illustrated in Figure 5. Across all treatments, Ni desorption exhibited an initially rapid rate within 406 

the first two hours, followed by a slower release phase before reaching equilibrium by 24 hours 407 

(Figure 5). This biphasic pattern suggests that Ni desorption from the soil occurs in two distinct 408 

stages, each associated with different bonding energies (Boostani et al., 2019). The initial phase 409 

likely corresponds to more readily available Ni fractions, such as WsEx and Car forms, whereas 410 

the subsequent phase may be attributed to Ni associated with less labile fractions, including 411 

FeMnOx and OM pools (Boostani et al., 2023). Similar biphasic HMs release patterns have been 412 

frequently documented in previous studies (Jalali et al., 2019; Sajadi Tabar and Jalali, 2013; 413 

Taghdis et al., 2016).  414 

 415 

 416 

Figure 5. Cumulative soil Ni release (mg kg-1) by DTPA solution over time.  417 
Notes: Cl, control (without amendment addition); M, municipal solid waste compost; B, bentonite clay; MB, 418 
municipal solid waste compost biochar; Ni0, without Ni application; Ni1, application of 150 mg Ni kg-1 soil; Ni2, 419 
application of 300 mg Ni kg-1 soil 420 
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Elevating Ni concentrations from Ni0 to Ni2 resulted in a substantial increase in Ni release. 422 

Additionally, all amendments except M contributed to a reduction in soil Ni desorption (Figure 5). 423 

The highest cumulative Ni release over 24 hours was observed in the M×Ni2 treatment, showing a 424 

56.2% increase compared to the Cl×Ni2 treatment. Conversely, the lowest Ni desorption at both 425 

Ni1 and Ni2 levels was recorded in the MB treatment, with values of 12.84 mg Ni kg-1 and 19.52 426 

mg Ni kg-1, respectively. These findings reaffirm that MB was the most effective treatment for Ni 427 

immobilization, whereas the sole application of M enhanced Ni mobility. However, the combined 428 

application of M with B or MB moderated and reduced Ni release compared to M alone at all the 429 

Ni levels (Figure 5). In a study, the minimal Cd release from a contaminated calcareous soil over 430 

a 24-hour period was recorded in the co-application treatment of municipal solid waste biochar 431 

and bentonite. This represented an 18.7% decrease in Cd desorption relative to the control 432 

(Boostani et al., 2025).  433 

3.7 Application of power function kinetics models to soil Ni desorption data  434 

The effectiveness of various amendments in immobilizing Ni in soil was also evaluated using 435 

power function kinetic model. The release of Ni from soil, when extracted with DTPA solution 436 

over time, conformed to the power function kinetics model, demonstrating strong model fit with 437 

determination coefficients (R²) ranging from 0.86 to 0.99 and standard errors of estimate (SEE) 438 

between 0.08 and 0.18. These findings align with prior research establishing the power function 439 

equation as the most appropriate kinetic model for characterizing the desorption behavior of HMs 440 

in calcareous soils (Zahedifar and Moosavi, 2017; Sheikh-Abdullah et al., 2021; Boostani et al., 441 

2025). The power function equation can be mathematically represented in two forms: 𝑞𝑡 = 𝑎𝑡𝑏   442 

or in its linearized logarithmic form: 𝐿𝑛 𝑞𝑡 = 𝐿𝑛 𝑎 + 𝑏 𝐿𝑛 𝑡, where ‘𝑞𝑡
’ shows cumulative Ni 443 

desorbed at time t (mg Ni kg⁻¹ soil), ‘a’ indicates initial Ni desorption rate (mg Ni kg⁻¹ min⁻¹), and 444 
‘b’ represents desorption rate coefficient (mg Ni kg⁻¹)⁻¹. The interaction effects of soil amendments 445 

and Ni rates on changing the magnitude of parameters derived from power function kinetic model 446 

were statistically significant (P <0.01). The kinetic parameters (‘a’ and ‘b’) exhibit an inverse 447 

relationship with desorption behavior, where decreasing ‘a’  values and increasing ‘b’ values 448 

correspond to suppressed HMs release rates, as demonstrated by Dang et al. (1994). Among the 449 

single amendment treatments, MB consistently demonstrated the lowest ‘a’ parameter values and 450 

highest ‘b’ parameter values across all Ni concentration levels (Table 6), indicating its superior 451 

efficacy in reducing Ni desorption from soil. Regarding combined amendments, the MB+B 452 

treatment showed optimal performance in suppressing Ni release based on kinetic parameters, 453 

though statistical analysis revealed no significant difference between MB+B and MB alone (Table 454 

6). The power function equation can be differentiated with respect to time (t) to obtain the 455 

instantaneous desorption rate: 
𝑑𝑞

𝑑𝑡
= 𝑎. 𝑏. 𝑡𝑏−1, at t = 1, this expression reduces to: 

𝑑𝑞

𝑑𝑡
= 𝑎𝑏, where 456 

the product ‘𝑎𝑏’ corresponds to the initial desorption rate of the element from the soil matrix (Dalal, 457 

1985). At the Ni0 level, none of the applied amendments exhibited a statistically significant 458 

influence on the ‘𝑎𝑏’ parameter (Table 6). However, at the Ni1 level, treatments containing M (M, 459 

M+B, and M+MB) demonstrated a significant enhancement in ‘𝑎𝑏’ parameter values (Table 6). In 460 

contrast, under Ni2 conditions, individual applications of B and MB, as well as their combination 461 

(MB+B), significantly reduced the ‘𝑎𝑏’ parameter values relative to the control. The most 462 
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substantial reduction (30.3%) was observed for the MB treatment (Table 6). A statistically 463 

significant and strongly positive correlation was observed between the ‘𝑎𝑏’ parameter and both the 464 

Ni-WsEx (r=0.90, P<0.01) and Ni-Car (r=0.97, P<0.01) fractions. These findings indicate that the 465 

initial release kinetics of Ni are governed by its concentration in the more labile fractions 466 

characterized by weaker adsorption energies. 467 

 468 

Table 6. The Parameters of power function kinetics model as affected by the application of different 

amendments 

 Cl M B MB M+B MB+B MB+M  

   a (mg Ni kg-1 min-1) b    

Ni0 0.12 h 0.12 h 0.11 h 0.091 h 0.11 h 0.095 h 0.15 h 0.11 C 

Ni1 0.83 g 1.22 c-e 0.90 f-g 0.74 g 1.27 cd 0.78 g 1.15 d-f 0.98 B 

Ni2 1.47 bc 2.05 a 1.23 c-e 0.96 e-g 1.57 b 1.21 c-e 2.02 a 1.50 A 

 0.80 C 1.13 A 0.74 C 0.61 D 0.98 B 0.68 CD 1.10 AB  

   b (mg Ni kg-1)-1    

Ni0 0.18 g 0.19 fg 0.21 ef 0.23 e 0.23 e 0.23 e 0.18 g 0.21 B 

Ni1 0.41 a-c 0.40 a-c 0.40 a-c 0.39 c 0.39 c 0.41 a-c 0.40 a-c 0.40 A 

Ni2 0.40 a-c 0.38 c 0.41 a-c 0.42 a 0.42 a 0.40 a-c 0.36 d 0.40 A 

 0.33 B 0.33 B 0.34 A 0.35 A 0.35 A 0.35 A 0.32 B  

   ab    

Ni0 0.021 h 0.025 h 0.022 h 0.021 h 0.025 h 0.021 h 0.027 h 0.023 C 

Ni1 0.338 g 0.491 de 0.365 fg 0.307 g 0.506 de 0.302 g 0.457 ef 0.395 B 

Ni2 0.587 cd 0.797 a 0.503 de 0.409 e-g 0.663 bc 0.488 de 0.723 ab 0.595 A 

 0.315 B 0.438 A 0.297 BC 0.245 C 0.398 A 0.270 BC 0.402 A  
Notes: Cl, control (without amendment addition); M, municipal solid waste compost; B, bentonite clay; MB, municipal solid waste 

compost biochar; Ni0, without Ni application; Ni1, application of 150 mg Ni kg-1 soil; Ni2, application of 300 mg Ni kg-1 soil. 

Numbers with same lower letters (interaction effects), in each section, had no significance difference to each other (P < 0.05). 

Also, numbers with same capital letters (main effects), in each section, had no significance difference to each other (P < 0.05).    

 469 

4 Conclusions 470 

This study evaluated the effectiveness of various organic and inorganic amendments including 471 

biochar (MB), compost (M), and bentonite (B) applied both individually and in combination, for 472 

Ni immobilization in a calcareous soil artificially contaminated with different Ni concentrations. 473 

Sequential extraction confirmed that all amendments except M promoted Ni immobilization by 474 

converting labile fractions (WsEx, Car, FeMnOx) into the Res form. Notably, combined treatments 475 

(MB+M, MB+B, M+B) did not exhibit synergistic effects, with MB alone emerging as the most 476 

effective amendment. Desorption kinetics analysis supported these findings, with MB 477 

demonstrating the lowest cumulative Ni release and the highest retention capacity, as evidenced 478 

by its favorable power function kinetics model parameters (low ‘a’ and high ‘b’ values). This 479 

outcome was probably attributed to MB’s alkaline properties, high ash content, and phosphorus 480 

levels, which facilitated Ni precipitation as hydroxides, carbonates, and phosphates. In contrast, 481 

M increased Ni mobility by enhancing its presence in the bioavailable fractions of WsEx and Car. 482 

Finally, this study demonstrates that municipal solid waste biochar (MB) is a highly effective 483 

amendment for Ni immobilization in contaminated calcareous soils, outperforming both individual 484 

and combined applications of compost and bentonite. These findings provide valuable insights for 485 

developing remediation strategies in Ni-contaminated agricultural soils, emphasizing the potential 486 
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of biochar as a sustainable and efficient immobilization agent. Further research should explore 487 

long-term field applications to validate these findings under plant cultivation. 488 
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