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 This study evaluated the efficiency of the native hyperaccumulator Odontarrhena 
inflata in extracting nickel (Ni) from ultramafic soils in the Robat-Sefid region of 
northeastern Iran and assessed the feasibility of applying agromining under controlled 
conditions. A six-month greenhouse experiment was conducted using homogenized 
serpentine soil with a total Ni concentration of 1,460 mg/kg. By the end of the 
cultivation period, the aerial parts of the plant yielded 122 g of dry biomass containing 
2,195 mg/kg of Ni. The calculated bioconcentration factor (BCF = 1.5) and 
translocation factor (TF = 3.53) confirmed effective Ni uptake and translocation from 
roots to shoots. The biomass was pyrolyzed at 550 °C to produce ash, which 
underwent cross-washing and sulfuric acid (H₂SO₄) leaching. This leaching process 
achieved a Ni extraction efficiency of 78.9%, and the overall Ni recovery from soil to 
biomass ash was estimated at 3.53%. Elemental analyses showed substantial 
reduction of Magnesium (Mg) and Iron (Fe) in the final crystalline product; however, 
Calcium (Ca) and Sodium (Na) remained at appreciable levels, indicating that further 
recrystallization or purification steps are necessary to achieve industrial-grade ANSH 
(ammonium nickel sulfate hexahydrate). Compared with other Ni hyperaccumulators, 
O. inflata exhibited lower shoot Ni levels than Odontarrhena chalcidica and Alyssum 
murale, but the combination of its strong ecological adaptability, elevated TF, and 
native occurrence collectively designates it as a sustainable and promising candidate 
for agromining applications in nickel-rich soils of Iran. 
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1. Introduction  

Nickel, a critical strategic element in the global 
mineral economy, plays an indispensable role 
across numerous industrial and technological 
sectors due to its exceptional physical and chemical 
attributes, including superior corrosion resistance, 
thermal stability, and malleability [4]. Its diverse 
applications encompass the steel industry, the 
manufacture of corrosion-resistant alloys, lithium-
ion battery cathodes, electroplating processes, and 
advanced medical technologies [1–3]. In recent 
years, however, concerns over the security of the 
global Ni supply have intensified, driven by 
surging demand—particularly from rapidly 
expanding renewable energy industries—and the 

depletion of high-grade ore reserves [5,6]. In 
response, the development of sustainable methods 
for Ni recovery from secondary resources such as 
ultramafic soils, mine waste, electroplating sludge, 
and electronic waste has become increasingly 
imperative [7–9]. Such strategies align with the 
principles of the circular economy and sustainable 
development, as the valorization of secondary 
sources not only reduces dependence on primary 
ores but also mitigates environmental impacts and 
enhances resource efficiency. Consequently, green 
technologies such as agromining (agricultural 
mining) have gained significant attention as viable 
approaches for sustainable metal recovery, 
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particularly in regions endowed with low-grade 
deposits [10,11]. 

Ultramafic rocks and soils—most notably 
peridotite and serpentinite—are naturally enriched 
in metals such as Ni, Cr, and Co. These elements 
are predominantly hosted in primary minerals, 
including olivine, pyroxene, and spinel. Through 
chemical weathering, Ni is released from the 
silicate lattices of these minerals and subsequently 
incorporated into secondary phases such as oxides, 
Fe and Mn hydroxides, or organometallic 
complexes [12]. Serpentine (ophiolitic) soils, 
derived primarily from peridotite and serpentinite, 
cover approximately 1% of the Earth’s continental 
land surface and occur across a wide range of 
climate zones. These include tropical regions (e.g., 
New Caledonia, Brazil, Malaysia, Indonesia, 
Oman) as well as temperate zones (e.g., the United 
States, several European countries, Australia, 
Turkey) [13–15]. Characteristically, these soils are 
rich in heavy metals—particularly Ni, with 
concentrations typically ranging from 1,700 to 
10,000 mg/kg—and contain elevated levels of Mg 
and Fe, a low calcium-to-magnesium ratio, and 
deficiencies in essential macronutrients such as 
nitrogen, phosphorus, and potassium. Such 
chemical properties impose severe ecological 
constraints, posing considerable challenges to plant 
growth and survival [16,17]. 

Although serpentine soils contain appreciable 
Ni concentrations, these levels often remain below 
the economic cutoff for extraction by conventional 
mining methods. Typically, Ni content ranges from 
0.1 to 0.6 wt%, markedly lower than approximately 
1.8 wt% found in commercial Ni ores [18–20]. This 
makes serpentine soils suitable candidates for 
innovative recovery methods such as phytomining 
and its advanced variant, agromining. Agromining 
involves the cultivation of hyperaccumulator plants 
capable of concentrating target metals in their 
biomass, which is subsequently harvested, 
processed thermally, and refined into a metal-rich 
bio-ore. Conceptualized as an integrated 
agricultural value chain, the process spans plant 
cultivation on serpentine substrates to the 
production of a solid bio-ore enriched with 10–25 
wt% of target metals [21]. This approach is 
typically applied in two contexts: (i) on degraded 
or abandoned mining sites, and (ii) on 
agriculturally marginal soils with low productivity, 
such as serpentine terrain [18,22].  

Hyperaccumulator plants are distinguished by 
their exceptional capacity to absorb, tolerate, and 
store supraoptimal concentrations of specific 
metals—including Ni, Zn, Co, and Mg—in their 

aerial biomass. Typically, these species can 
accumulate more than 100 mg/kg Cd, 300 mg/kg 
Co or Cu, 1,000 mg/kg Ni, 3,000 mg/kg Zn, or 
10,000 mg/kg Mn in their shoots (on a dry-weight 
basis) [23,24]. For Ni, the accepted 
hyperaccumulation threshold exceeds 1,000 mg/kg 
(on a dry-weight basis). To date, more than 530 
nickel-hyperaccumulating species have been 
identified, with the majority thriving in serpentine 
ecosystems [25,26]. Notable examples include 
Berkheya coddii, Alyssum bertolonii, Rinorea 
niccolifera, and Odontarrhena muralis, all 
recognized for their exceptional efficiency in Ni 
uptake and accumulation [27–30]. 

Hyperaccumulator species have been 
extensively tested in pilot-scale projects targeting 
Ni recovery from contaminated soils, mine waste, 
and industrial sludge [31–34]. One of the most 
prominent global initiatives is the European LIFE-
Agromine project, designed to optimize Ni 
phytorecovery from ultramafic soils in accordance 
with environmental sustainability and circular 
economy principles [35]. In Iran, serpentine soils 
are widespread, offering considerable potential for 
local agromining ventures [36,37]. Investigations 
in the ultramafic regions of Kurdistan and 
Kermanshah provinces have documented 
serpentine soils with Ni concentrations between 
1,030 and 1,470 mg/kg, alongside native nickel-
hyperaccumulating plants such as Odontarrhena 
inflata, Odontarrhena penjwinesis, and 
Odontarrhena callichroa. These studies have 
confirmed the strong hyperaccumulation capacity 
of these species and their promise for agromining 
applications [38,39]. Additional research has 
examined the biogeochemistry and metal uptake 
traits of native flora across various serpentine 
landscapes in Iran [40–43]. 

Native to the Mediterranean region, O. inflata 
(family Brassicaceae) is a recognized Ni 
hyperaccumulator in the serpentine soils of western 
Iran. This species has demonstrated the ability to 
store Ni in its aerial biomass at concentrations 
ranging from 1,105 to 3,700 mg/kg (on a dry-
weight basis) [44]. Ammonium nickel sulfate 
hexahydrate (ANSH) is a high-value compound 
with wide industrial use, including in chemical 
manufacturing, electroplating, and catalyst 
production, and thus commands significant global 
market interest [45,46]. 

Despite substantial progress in international 
agromining research and evidence of nickel-
hyperaccumulating species within the ultramafic 
zones of western Iran, no comprehensive study has 
yet addressed the growth performance, metal 
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accumulation efficiency, and Ni recovery potential 
of O. inflata in eastern Iranian serpentine 
substrates. Given the broad distribution of 
serpentine formations in eastern Iran, this study 
aims to address two core questions specific to the 
Robat-Sefid region: (i) Can O. inflata successfully 
establish and accumulate Ni in the ophiolitic soils 
of Robat-Sefid? (ii) Is O. inflata a viable candidate 
for Ni agromining under the prevailing 
environmental and geochemical conditions of the 
area? 

This research presents, for the first time in Iran, 
an optimized, environmentally sustainable process 
for Ni recovery from the biomass of the indigenous 
hyperaccumulator O. inflata, culminating in the 
production of crystalline ANSH. The novelty of 
this work lies in its systematic integration of 
biomass washing, acid leaching, and crystallization 
into a coherent, industrially scalable framework. 

2. Materials and Methods 
2.1. Geographical Location, Climate, and 
Geology of the Study Area 

The study area, Robat-Sefid, is situated in 
northeastern Iran at coordinates 35°56′46″N and 
59°23′20″E, approximately 65 km south of 
Mashhad, in Razavi Khorasan Province. 
Geologically, this region forms part of the Eastern 
Iran ophiolitic belt and comprises altered 
ultramafic rocks such as serpentinite, dunite, and 
harzburgite. Figure 1 presents a satellite image of 
the study area. The climate of Robat-Sefid is 
classified as cold semi-arid to arid [47]. Mean 
annual precipitation ranges from 200 to 300 mm, 
while the average annual temperature is between 
14 and 16°C [48]. 

 
Figure 1. Location of the Robat-Sefid study area in northeastern Iran (Razavi Khorasan Province). The satellite 

image depicts the distribution of ultramafic units, specifically serpentinized ophiolites (illustrated in green), 
delineated based on field observations and the 1:100,000 geological map from the Geological Survey of Iran. The 

2.2. Soil Collection 

In October 2024, a total of 250 kg of soil was 
collected from the surface horizon (0–20 cm depth) 
at several sites within the ophiolitic zone of the 
Robat-Sefid region for use in a greenhouse 
experiment. The samples were air-dried, passed 
through a 2-mm sieve, and homogenized to ensure 
sample uniformity. All processed soils were then 
thoroughly mixed to produce a single composite 
sample, which was used as a uniform growth 
substrate in the experimental pots. 

2.3. Plant Species 

For this study, O. inflata seeds were used for 
cultivation. These seeds were originally sourced 
from Kurdistan Province in western Iran. O. inflata 
is a well-documented Ni hyperaccumulator species 
whose native distribution spans from Iran to 
Turkmenistan. This species typically thrives in 
temperate ecosystems [38, 44]. 

2.4. Experimental Conditions and Design 

This study was conducted under semi-
controlled greenhouse conditions to evaluate the 
growth performance and nickel accumulation 
capacity of O. inflata in serpentine soil. The 
experiment consisted of a single treatment: 
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cultivation of the plant in serpentine soil collected 
from the Robat-Sefid region. To ensure uniform 
environmental conditions and minimize spatial 
bias, a Completely Randomized Design (CRD) was 
adopted as the statistical framework. 

A total of 21 plastic pots, each with a top 
diameter of 24 cm, were used as experimental 
units. Given the substantial influence of soil 
volume on nickel accumulation in 
hyperaccumulator species, each pot was filled with 
10 kg of homogenized serpentine soil [49]. The 
pots were randomly arranged on a level greenhouse 
surface using a random number table to eliminate 
positional effects. A spacing of 20 cm was 
maintained between pots in both the horizontal and 
vertical directions to prevent mutual shading and 
reduce microclimatic variation. 

Initially, O. inflata seeds were sown in moist, 
granular perlite within seedling trays. To enhance 
germination, the trays were irrigated with 
deionized water every two days. Following 
germination, seedlings were grown for three 
weeks, followed by a four-week acclimation phase 
during which a diluted nutrient solution (at half 
strength) was applied. This solution was 
formulated to mimic the macronutrient 
composition of serpentine soils [2 mM MgSO₄, 1 
mM CaCl₂, 2 mM KNO₃, and 0.1 mM K₂HPO₄] 
and optimized for nickel-hyperaccumulating 
species [50]. This pretreatment was designed to 
reproduce the low Ca/Mg ratio characteristic of 
ophiolitic soils and prepare the seedlings for 
transplantation into native serpentine soil. Prior to 
transplanting, the soil in each pot was moistened 
with deionized water until drainage occurred. Five 
seedlings were initially transplanted into each pot 
containing 10 kg of soil. Three weeks after 
transplantation, plant density was standardized by 
thinning to three seedlings per pot to minimize 
intrapot competition. 

To maintain continuous nutrient availability 
during the growth period, well-decomposed animal 
manure was thoroughly incorporated into the 
potting soil. In addition, plants were regularly 
fertilized with a balanced NPK solution (20–20–
20) prepared with deionized water to supply 
essential macronutrients [51]. 

Throughout the cultivation period, all pots were 
irrigated exclusively with deionized water to avoid 
the introduction of external elements. Greenhouse 
temperatures were maintained between 22°C and 
27°C, with a photoperiod of 16 hours of light and 8 
hours of darkness. The growth cycle lasted 24 
weeks, terminating when the plants reached the 
flowering stage. 

2.5. Soil and Plant Characterization 

To determine the baseline condition of the soil 
prior to planting, a composite sample was prepared 
from the soil used in the pots and subjected to a 
comprehensive physicochemical analysis. Soil pH 
was measured by suspending 10 g of air-dried soil 
in 30 mL of distilled water, followed by 
measurement with a calibrated pH meter. Electrical 
conductivity (EC) was determined in the saturated 
paste extract using an EC meter. Organic matter 
(OM) content was quantified via the loss-on-
ignition (LOI) method, based on weight loss after 
combustion [52]. Water-holding capacity (WHC) 
was assessed by adding 50 mL of distilled water to 
50 g of dry soil and recording the volume of water 
retained. Soil texture was determined using the 
standard hydrometer method. 

The cation exchange capacity (CEC) of the soil 
was determined using the standard saturation 
method with 1 N ammonium acetate (1 N 
NH₄OAc) at neutral pH (≈7). In this procedure, 
ammonium ions first replaced exchangeable 
cations (Ca²⁺, Mg²⁺, K⁺, and Na⁺) adsorbed onto the 
surfaces of soil colloids. The adsorbed NH₄⁺ ions 
were then displaced by leaching the soil samples 
with a 1 N sodium acetate (NaOAc) solution. The 
concentration of ammonium ions released in the 
extract was quantified using atomic absorption 
spectrophotometry (AAS; SOLAAR AA Series, 
Thermo Elemental, UK). 

Total metal concentrations were determined by 
digesting 0.5 g of dried, powdered soil with aqua 
regia (a 1:3 mixture of nitric acid and hydrochloric 
acid), following the protocol described in [53]. The 
mixture was held at ambient temperature (25°C) 
for 24 h and subsequently heated on a hot block at 
approximately 90°C for 2 h. After cooling, the 
digest was filtered through Whatman No. 40 filter 
paper and diluted to a final volume of 100 mL with 
distilled water. 

Exchangeable metal concentrations were 
quantified by mixing 10 g of air-dried, sieved soil 
with 50 mL of 1 M NH₄NO₃ solution. The 
suspension was agitated on a magnetic stirrer at 
25°C for 2 h, following the method described in 
[54]. The extract was filtered and transferred into a 
glass volumetric flask for subsequent analysis. The 
concentrations of total and exchangeable metals—
including Ni, Co, Fe, Mn, Cr, Mg, and Ca—were 
determined using atomic absorption 
spectrophotometry (AAS). 

At the end of the plant growth period, the 
harvested plant organs—including leaves, stems, 
flowers, and roots—were thoroughly rinsed twice 
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with deionized water to remove any residual soil 
particles. The cleaned samples were oven-dried at 
70°C for 48 h. After recording dry weights, the 
plant tissues were finely ground, and 0.2 g 
subsamples from each organ were taken for acid 
digestion. For this, 2 mL of 30% hydrogen peroxide 
(H₂O₂) and 3 mL of 65% nitric acid (HNO₃) were 
added to the samples in 250 mL glass beakers. The 
mixtures were left at ambient temperature (25°C) 
for 24 h and then heated on a hot block at 90°C for 
2 h. After cooling, the digests were filtered through 
Whatman No. 40 filter paper and diluted to a final 
volume of 100 mL with distilled water. Metal 
concentrations were subsequently measured using 
atomic absorption spectrophotometry (AAS). 

2.6. Plant–Soil Interactions 

To assess the plant's Ni accumulation capacity, 
two key bioconcentration metrics were calculated: 
the Translocation Factor (TF) and the 
Bioconcentration Factor (BCF), based on standard 
equations (1) and (2), as described in [55]. These 
indices reflect the plant’s ability to absorb Ni from 

the soil and redistribute it within various plant 
tissues. 

TF = ܥ௦௛௢௢௧ ௥௢௢௧ܥ /   (1) 

BCF = ܥ௦௛௢௢௧ ௦௢௜௟ܥ /   (2) 

Where are: 
C௦௛௢௢௧– Total Ni concentration (mg/kg) in the shoot 
of the plant (leaf, flower and stem);  
 ;௥௢௢௧– Total Ni concentration (mg/kg) in the rootܥ
 .௦௢௜௟– Total Ni concentration (mg/kg) in the soilܥ

2.7. Processing of Ash for Nickel Extraction 

To recover Ni from the ash of the 
hyperaccumulator plant O. inflata and to 
synthesize high-purity ANSH, a multi-step 
laboratory procedure was developed and 
implemented [56]. As illustrated in Figure 2, the 
process comprises biomass preparation, controlled 
ashing, purification, acid leaching, and 
crystallization, all contributing to optimized Ni 
recovery and enhanced product purity. 

 

 
Figure 2. Multistep laboratory process for synthesizing ANSH from the hyperaccumulator plant Odontarrhena 

inflata. Adapted from [56]. 

2.7.1. Preparation of Plant Biomass 

Initially, harvested samples of O. inflata were 
washed with deionized water to remove surface 
contaminants and dust. The samples were oven-
dried at 70°C for 48 h to eliminate residual 

moisture, ensuring the preservation of metal-
bearing mineral structures. The net dry weight of 
the aboveground biomass (excluding roots) was 
measured as 122 g and subsequently used for 
further processing. 
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2.7.2. Ashing (Pyrolysis) 

The dried biomass was ashed in an electric 
furnace at 550°C for 2 h under oxidative 
conditions. This temperature was chosen to ensure 
the complete decomposition of organic matter 
while preserving metals such as Ni, Fe, and Mg as 
stable oxides. After cooling in a desiccator, 
approximately 22.2 g of ash was obtained and 
designated as bio-ore for the subsequent steps. 

2.7.3. Cross-Washing of Ash 

To remove soluble salts and alkaline elements 
such as potassium and sodium, a three-step cross-
washing protocol was applied [56].  The ash was 
split into two equal portions and subjected to three 
successive washes using 60 mL of deionized water, 
stirred mechanically at 500 rpm for 10 min at 
ambient temperature (~25°C). Each filtrate was 
then used to wash the next portion of ash, 
enhancing removal efficiency and minimizing 
water usage. This stage effectively eliminated most 
soluble impurities [56]. 

2.7.4. Acid Leaching for Nickel Extraction 

The washed ash was subjected to leaching with 
3 M sulfuric acid (H₂SO₄) at a solid-to-liquid ratio 
of 1:10 for 4 h at ambient temperature under 
continuous magnetic stirring. During this process, 
Ni, Mg, Ca, and Fe ions were solubilized as their 
respective sulfates, resulting in the formation of 
leachate (L1). The primary objective of this step 
was to selectively extract the target metals from the 
ash in preparation for downstream separation and 
purification processes [56]. 

2.7.5. Neutralization and Removal of 
Interfering Ions 

The L1 leachate was partially neutralized with a 
10% (w/w) calcium hydroxide [Ca(OH)₂] 
suspension to adjust the pH to the range of 4.5–5.0. 
Under these mildly acidic conditions, Fe 
precipitated as iron hydroxide [Fe(OH)₃] and Ca as 
calcium sulfate (CaSO₄), both of which were 
subsequently removed via filtration. The resulting 
filtrate (L2) was then treated with a stoichiometric 
amount of sodium fluoride (NaF), plus an 
additional 10% excess, to precipitate Mg as 
magnesium fluoride (MgF₂), yielding the purified 
solution (L3). This step enhanced the selectivity for 
Ni by effectively removing interfering ions [56]. 

Subsequently, L3 was heated at 95°C for 2 h to 
reduce its volume to one-third, yielding a 
concentrated solution (L4). This step enhanced Ni 

ion saturation and created optimal conditions for 
the crystallization of ANSH. Precise control of 
temperature and duration was essential to prevent 
degradation of thermally sensitive components and 
to maintain product integrity [56]. 

2.7.6. Crystallization of ANSH 

To the concentrated solution (L4), 1 mL of 
saturated ammonium sulfate [(NH₄)₂SO₄] was 
added to supply NH₄⁺ ions required for ANSH 
crystallization. The resulting solution was stored at 
4°C for 24 h in a laboratory refrigerator under 
controlled slow-cooling conditions to induce 
supersaturation and facilitate spontaneous 
crystallization of ANSH. In this step, ammonium 
sulfate fulfilled multiple roles: supplying 
ammonium ions, adjusting the pH, and promoting 
nucleation and growth of the Ni double salt crystals 
[56]. 

To evaluate the quality of the ash, intermediate 
residues, and final crystalline product, a suite of 
analytical techniques was employed. Elemental 
composition was assessed using X-ray 
fluorescence (XRF) spectrometry (Shimadzu XRF-
1800). The crystal structure was characterized 
using Fourier-transform infrared (FTIR) 
spectroscopy (PerkinElmer Spectrum Two) and 
Raman spectroscopy (Avantes uRaman-532-Ci). 
Morphological characteristics were examined 
using field emission scanning electron microscopy 
(FESEM). Quantitative results—including Ni 
recovery efficiency, final product purity, and 
characterization of by-products—are presented in 
Sections 3.3 and 3.4. The environmental aspects of 
the process are discussed in Section 3.5.2. 

2.8. Statistical Analysis 

Statistical analysis of data obtained from Ni 
concentration measurements in various plant 
organs and soil parameters, along with the 
generation of Raman and FTIR spectra, was 
performed using OriginPro 2024 and Minitab 19 
software. A one-way analysis of variance 
(ANOVA) was applied to evaluate significant 
differences among group means, followed by 
Tukey’s post hoc test. All data were presented as 
mean ± standard deviation (SD), and statistical 
significance was set at p < 0.05. 

3. Results and Discussion 
3.1. Soil Characteristics 

The soil sample exhibited a near-neutral pH of 
7.4, favorable for plant growth and within the 
typical range reported for ultramafic soils (6.1–8.8) 
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[38, 57–59]. The organic matter (OM) content was 
relatively low (1.2%), indicating limited potential 
for nutrient supply via organic compounds. The 
water-holding capacity (WHC) was 51.6%, and the 
electrical conductivity (EC) was 537 μS cm⁻¹, 
suggesting low to moderate salinity. The cation 
exchange capacity (CEC) was measured at 11.3 
cmol kg⁻¹, consistent with the generally low 
nutrient-retention capacity of ultramafic soils. The 

soil texture comprised sandy loam, silty loam, and 
loam, representing a favorable balance between 
fine and coarse particles that supports both aeration 
and drainage. The total Ni concentration was 1,460 
mg/kg, confirming the metal-rich nature of the soil 
and aligning with the typical range observed in 
serpentine terrains (500–8,000 mg/kg) [38, 41, 60] 
(Table 1). 

Table 1. Physicochemical properties of the soil (mean ± standard deviation). 
Ni (mg/kg) pH OM (%) WHC  )% (  EC (¹⁻࢓ࢉ ࡿࣆ) CEC (cmol kg⁻¹) Soil Texture 

1,460 ± 197 7.4 ± 0.4 1.2 ± 0.3 51.6 ± 4.0 537 ± 17 11.3 ± 0.08 Sandy loam, Silty loam, and Loam 
 

The highest total metal concentration was 
recorded for Fe (43,068 mg/kg), indicating 
substantial enrichment. Mg was the second most 
abundant element (30,294 mg/kg), followed by Ca 
(11,872 mg/kg), yielding a Ca/Mg ratio of 0.4. This 

low ratio reflects the dominance of Mg over Ca, a 
defining characteristic of serpentine soils [38, 61]. 
The concentrations of other trace metals were as 
follows: Cr, 769 mg/kg; Mn, 1,345 mg/kg; and Co, 
182 mg/kg (Table 2). 

Table 2. Total and exchangeable concentrations of selected metals (Mn, Co, Fe, Cr, Ca, and Mg) in the soil 
(mg/kg), and the Ca/Mg ratio (mean ± standard deviation). 

 Mn  Co  Fe  Cr  Ca  Mg  Ca/Mg 
Total 1,345 ± 171 182 ± 29 43,068 ± 1,030 769 ± 11 11,872 ± 1,151 30,294 ± 372 0.4 ± 0.04 

Exchangeable 0.7 ± 0.5 4.6 ± 3.3 0.9 ± 0.6 33 ± 23.6 3,500 ± 176 12,938 ± 1,347 0.27 ± 0.03 
 

Analysis of the exchangeable metal fractions 
revealed considerable variation in bioavailability 
despite the elevated total concentrations of certain 
elements. For instance, while the total Co 
concentration was 182 mg/kg, the exchangeable 
fraction was 4.6 mg/kg—indicating relatively 
higher bioavailability compared to other heavy 
metals. Similarly, exchangeable Ca and Mg 
concentrations were 3,500 mg/kg and 12,938 
mg/kg, respectively. Cr displayed a notable 
exchangeable fraction of 33 mg/kg, suggesting 
moderate mobility under the prevailing soil 
chemical conditions. The Ca/Mg ratio in the 
exchangeable fraction (0.27) was lower than the 
total Ca/Mg ratio (0.4), reflecting relatively greater 
Mg bioavailability compared with Ca. 

3.2. Plant Characteristics 

During the growth period, Ni accumulation in 
the aerial parts of O. inflata was qualitatively 
assessed using a colorimetric method involving 
filter paper impregnated with dimethylglyoxime 
(DMG). The development of a magenta coloration 
indicated the presence of Ni ions, thereby 
confirming the plant’s capacity for 
hyperaccumulation [62]. At the flowering stage, 
after six months of growth, both aerial parts 
(leaves, flowers, and stems) and roots were 
harvested for further analysis. 

Ni concentrations varied substantially among 
plant tissues. The shoots exhibited the highest Ni 
concentration, approximately 2,195 mg/kg, 
indicating substantial accumulation in the 
aboveground biomass. In contrast, the roots 
contained a lower concentration of 621 mg/kg. 
Additionally, prior to harvesting, the rhizosphere 
soil exhibited a total Ni concentration of 
approximately 1,460 mg/kg. These results suggest 
active uptake of Ni from the soil and efficient 
translocation from roots to shoots, providing robust 
evidence for the hyperaccumulation potential of O. 
inflata (Figure 3). 

Mg concentrations were measured at 15,700 
mg/kg in the shoots and 22,414 mg/kg in the roots 
of O. inflata, indicating a substantial capacity for 
Mg uptake from serpentine soils. This high level of 
accumulation highlights the critical physiological 
roles of Mg in processes such as photosynthesis 
and enzymatic activity. The Ca/Mg ratio across 
plant compartments further corroborates this trend, 
with values of approximately 1.2 in the shoots, 0.2 
in the roots, and 0.05 in the rhizosphere—all 
significantly lower than the ratio observed in the 
bulk soil (Table 3). 

Although the exchangeable Ni concentration in 
the rhizosphere was relatively low (4.4 mg/kg), its 
presence indicates sufficient Ni bioavailability in 
the root zone, potentially contributing to the 
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observed uptake pattern. Despite the low 
exchangeable Ni concentration, the plant 
demonstrated efficient absorption and translocation 
of Ni, likely facilitated by favorable rhizosphere 
conditions such as near-neutral pH and moderate 
cation exchange capacity (CEC). These findings 

suggest a preferential uptake and accumulation of 
Mg relative to Ca by O. inflata. Notably, Mn and 
Co were not detected (ND; below the detection 
limit) in either shoot or root tissues, implying 
negligible absorption or concentrations below the 
analytical sensitivity threshold. 

 

 
Figure 3. Ni concentrations in the shoots and roots (after six months of growth), as well as in the rhizosphere soil (total Ni 
content prior to plant harvesting) of Odontarrhena inflata. Values represent means (n = 5; biological replicates), and error 

bars denote the standard error of the mean. Groups not exhibiting statistically significant differences are indicated by 
identical letters, based on Tukey’s multiple comparison test. Letters are assigned within each group analyzed via ANOVA. In 

each box plot, the central line represents the median, box edges correspond to the first and third quartiles, and whiskers 
indicate the nonoutlier range. 

Table 3. Mean concentrations (± standard deviation) of selected metals (Mn, Co, Fe, Cr, Ca, and Mg) in the 
shoot, root, and rhizosphere of Odontarrhena inflata (mg/kg), and the Ca/Mg ratio. 

 Mn  Co  Fe  Cr  Ca  Mg  Ca/Mg 
Shoot ND ND 1,083 ± 536 392 ± 55 15,477 ± 4,119 15,700 ± 7,785 1.2 ± 0.6 
Root ND ND 4,034 ± 1,759 407 ± 44 3,464 ± 1,155 22,414 ± 11,659 0.2 ± 0.1 

Rhizosphere 1,311 ± 36 66 ± 12 35,275 ± 417 808 ± 9.3 1,676 ± 958 30,147 ± 322 0.05 ± 0.04 
ND, not detected  
 

In light of the above results, the 
bioconcentration factor (BCF) and translocation 
factor (TF) for Ni were recalculated to improve the 
accuracy of evaluating O. inflata’s efficiency in Ni 
uptake and internal redistribution. Based on the 
updated measurements and in accordance with 
Equations (1) and (2), the BCF for Ni in the shoots 
was determined to be 1.5, indicating that the Ni 
concentration in the aerial tissues is approximately 
50% higher than that in the surrounding soil. This 
result highlights the plant’s substantial ability to 
extract and accumulate Ni from ultramafic 
substrates. 

Moreover, the TF was calculated to be 3.53, 
indicating a high efficiency in Ni translocation 
from roots to shoots. A TF value exceeding 1 is 
characteristic of hyperaccumulator species and 
further substantiates the hyperaccumulative 
behavior of O. inflata. After six months of 
cultivation, a significant decrease in total Ni 
concentration was observed in the rhizosphere soil 

(Figure 4), corroborating the species’ active role in 
phytoextraction. Collectively, these findings 
underscore the exceptional capacity of O. inflata to 
absorb, translocate, and sequester Ni in its 
aboveground biomass. This performance 
reinforces its potential as a promising candidate for 
agromining and phytoremediation in Ni-rich or 
ultramafic soils. Nevertheless, further field-based 
studies are warranted to confirm its large-scale 
effectiveness under natural environmental 
conditions. 

To evaluate the status of O. inflata among 
established Ni hyperaccumulator species, a 
comparative analysis was performed with several 
related taxa, primarily within the Brassicaceae 
family (Table 4). In the present study, the Ni 
concentration in the aerial biomass of O. inflata 
reached 2,195 mg/kg under greenhouse conditions. 
Although this value is lower than those reported for 
prominent species such as Odontarrhena 
chalcidica (16,000 mg/kg), Alyssum murale 
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(11,000 mg/kg), and Alyssum bertolonii (7,600 
mg/kg), it nonetheless surpasses the recognized 
hyperaccumulation threshold for Ni (1,000 mg/kg), 
thereby confirming its suitability for agromining 
applications. 

Differences in accumulation capacity may 
be attributed to variations in soil 
characteristics, environmental factors, 
cultivation practices, or the physiological stage 
at harvest. Nevertheless, the ability of O. 
inflata to thrive in the ultramafic soils of 
Iran—combined with its high Ni translocation 
efficiency (TF > 2) and adaptation to semi-arid 
climates—positions it as a native, resilient, and 
promising candidate for the development of 
sustainable agromining systems at the national 
scale. 

 
Figure 4. Total Ni concentration in the rhizosphere before 

(Nib) and after (Nia) the harvesting of Odontarrhena 
inflata. Values represent the mean (n = 5; biological 

replicates), and error bars indicate the standard error of 
the mean (SEM). The central line within each box plot 

denotes the median, while the box edges correspond to the 
first and third quartiles. Whiskers represent the range of 

data excluding statistical outliers. 

Table 4. Comparative data on Ni concentration and biomass yield in selected hyperaccumulator plant species. 

plant species Family Ni concentration 
in biomass (mg/kg) References 

Odontarrhena penjwinensis Brassicaceae 3,270 [38] 
Berkheya coddii Asteraceae 7,940 [63] 
Odontarrhena chalcidica Brassicaceae 16,000 [63] 
Alyssum murale Brassicaceae 11,000 [64] 
Noccaea caerulescens Brassicaceae 3,627 [7] 
Bornmuellea emarginata Brassicaceae 6,174 [7] 
Alyssum bertolonii Brassicaceae 7,600 [65] 
Leptoplax emarginata Brassicaceae 4,500 [66] 

 
3.3. Nickel Recovery Efficiency from Biomass 

At the end of the cultivation period, a total of 
122 g of dry biomass was obtained from the aerial 
parts of O. inflata. Following the thermal 
processing procedures outlined in Section 2.7, this 
biomass produced 22.2 g of ash (bio-ore), 
corresponding to an ash yield of 18.2%. X-ray 
fluorescence (XRF) analysis of the resulting raw 
ash (RA) revealed a Ni concentration of 1.41 wt% 
(Table 5). To remove interfering soluble salts such 
as K₂SO₄, K₂CO₃, and KCl, a three-step cross-
washing procedure was conducted using deionized 
water. This process reduced the total salt content 
from 17% to 5.25%, while increasing the Ni 
concentration in the washed ash (WA) to 2.32 wt%, 
indicating effective impurity removal and 
enrichment of the target metal. These findings are 
consistent with previous studies [56, 67–69]. 

During the leaching process, the washed ash 
was treated with 3 M sulfuric acid at a solid-to-
liquid ratio of 1:10 for 4 h at ambient temperature 
under continuous magnetic stirring. After filtration, 

XRF analysis of the residual solid (RL) revealed a 
remaining Ni content of only 0.49 wt%. Based on 
the initial Ni concentration of 2.32 wt% in the 
washed ash (WA), the leaching efficiency was 
calculated to be 78.9%, indicating that the majority 
of extractable Ni was successfully transferred into 
the solution phase (Table 5). 

To provide a comprehensive evaluation of Ni 
recovery efficiency from soil to bio-ore, a 
comparative mass-balance analysis was conducted. 
Assuming 10 kg of serpentine soil with a total Ni 
concentration of 1,460 mg/kg, the total Ni input 
from the growth substrate was 14.6 g. In contrast, 
the amount of Ni recovered in the ash was 0.516 g 
(2.32% of 22.2 g), resulting in an overall recovery 
efficiency of approximately 3.53% from soil to 
biomass-derived ash. Although modest, this yield 
demonstrates the feasibility of bioextraction from 
low-grade ultramafic substrates. 

In addition to Ni, the concentrations of other 
metals were monitored throughout processing. For 
instance, the Fe content increased from 1.74% in 
the raw ash (RA) to 3.59% in the washed ash (WA), 
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likely reflecting the removal of soluble salts and the 
relative enrichment of insoluble phases during 
washing. In the residual solid (RL), however, Fe 
decreased to 1.25%. This reduction, together with 
the 10.3% Fe content in the final precipitate (PPT), 
highlights the need for selective Fe removal to 
enhance Ni purity. For the alkaline earths, Ca 
increased from 26.8% (RA) to 30.51% (WA) and 
then decreased to 20.9% (RL). In contrast, Mg 
dropped markedly from 11.38% (RA) to 0.81% 
(RL), indicating effective removal during 
purification. 

Overall, integrating washing, leaching, and 
selective ion-removal steps resulted in a 
satisfactory Ni recovery along with efficient 
impurity reduction. While these results confirm the 
technical feasibility of recovering Ni as ANSH, 
achieving industrial-grade purity will still require 
additional refining steps, including pH adjustment, 
controlled crystallization, and recrystallization 
[69]. These findings underscore the effectiveness 
of biochemical strategies for Ni recovery and 
provide a basis for the localization and scale-up of 
agromining technologies in the serpentine soils of 
Iran. 

Table 5. Changes in the concentration of metallic elements during different stages of Odontarrhena inflata ash 
processing (wt%). 

 Ni  Mn Na  Fe  S  Ca  Mg  K 
RA 1.41 0.07 0.19 1.74 2.54 26.81 11.38 17.0 
WA 2.32 0.12 0.07 3.59 0.44 30.51 9.56 5.25 
RL 0.49 0.02 0.01 1.25 20.63 20.9 0.81 1.84 

PPT 1.5 0.03 8.67 10.3 13.47 0.52 1.17 1.03 
Note: RA = raw ash, WA = washed ash, RL = residual solid, PPT = final precipitate. 

 
3.4. Characteristics of ANSH 
3.4.1. FESEM Results 

Field emission scanning electron microscopy 
(FESEM), coupled with energy-dispersive X-ray 
spectroscopy (EDS), was utilized to characterize 
the crystal morphology and elemental composition 
of the final product obtained from the biomass of 
O. inflata. 

Elemental mapping revealed a spatially uniform 
distribution of O, S, and Ca across the crystal 
surface, while Ni exhibited a heterogeneous, spot-
like distribution concentrated in specific regions. 
Na also showed localized accumulation in certain 
domains. These patterns are clearly visible in the 
composite EDS map (Figure 5) as well as in the 
individual elemental distribution maps (Figure 6). 
Point spectra confirmed that O, S, and Ca were the 
predominant elements in the crystalline matrix of 
the final product. The localized enrichment of Ni 
suggests its selective incorporation into discrete 
crystalline regions, most likely in the form of 
nickel–calcium sulfate phases. These observations 
support the presence of multiphase structures 
dominated by Ca and Ni sulfate compounds, and 
highlight the potential need for further purification 
through recrystallization. 

Comparison of the FESEM images of bio-
derived ANSH crystals (Figure 7a) and standard 
industrial ANSH crystals (Figure 7b) revealed 
notable differences in crystal morphology and 

surface organization. The crystals synthesized via 
the bioprocess exhibited smaller dimensions and 
reduced uniformity, with more irregular surface 
features compared to the industrial counterpart. 
These discrepancies may be attributed to residual 
mineral and organic impurities, as well as to 
variations in crystallization conditions inherent to 
the biogenic route. Nevertheless, the observed 
morphology remains consistent with the 
characteristic structure of ANSH. 
 

 
Figure 5. Composite EDS elemental mapping of the 
final crystalline product derived from Odontarrhena 
inflata biomass, illustrating the spatial distribution 
of Ni (yellow), S (red), O (green), Na (magenta), and 

Ca (cyan). 



Omori et al. Journal of Mining & Environment, Vol. 17, No. 1, 2026 

 

229 

 
Figure 6. Individual EDS elemental maps of Na, Ni, S, O, and Ca, illustrating their respective spatial 

distributions across the surface of the crystallized sample. 

  
(a) (b) 

(b) Reference image of a standard industrial-grade 
ANSH crystal for structural comparison. 

(a) FESEM image of the ANSH crystal synthesized in this 
study. 

Figure 7. Microscopic and comparative analysis of the final crystalline product. (a) FESEM image of the ANSH 
crystal synthesized in this study. (b) Reference image of a standard industrial-grade ANSH crystal for structural 

comparison. 

Spot elemental analysis (Table 6) and EDS 
mapping of the bio-derived ANSH sample 
identified O, S, Ni, Ca, Na, and trace levels of Mg 
as the predominant elemental constituents. The 
corresponding MAP sum spectrum (Figure 8) 
further corroborated the presence of these 
elements. As shown in Table 6, O accounted for 
over 49 wt% on average, highlighting its crucial 
structural role—likely associated with sulfate 
groups (SO₄²⁻) and coordinated water molecules in 
the hydrated salt. S content ranged from 14.40 wt% 
(Spectrum 1) to 34.37 wt% (Spectrum 5), 

consistent with the sulfate-rich nature of the 
compound. Ni, the target metal, exhibited 
considerable variation, from 0.29 wt% (Spectrum 
2) to 15.76 wt% (Spectrum 3). This heterogeneity 
likely reflects localized incorporation during 
crystal growth or competitive substitution by other 
cations within the crystal lattice. 

Ca was detected at concentrations ranging from 
8.42 to 35.37 wt%, primarily due to the addition of 
calcium hydroxide [Ca(OH)₂] during the 
neutralization step of the leach solution. A portion 
of this Ca was likely incorporated into the crystal 
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lattice as an impurity. Na, observed at lower 
concentrations (0.60 to 8.19 wt%), originated from 
the application of sodium fluoride (NaF) during the 
Mg removal process. Trace amounts of Mg were 

also detected in certain regions, likely resulting 
from residual materials carried over from earlier 
processing stages. 

 
Figure 8. MAP sum spectrum of the ANSH crystal synthesized from Odontarrhena inflata biomass, highlighting 

dominant peaks corresponding to O, S, Ni, Ca, Na, and trace levels of Mg. 

Table 6. Elemental composition (wt%) of bio-derived ANSH crystals based on EDS spot analysis (Spectra 1–6). 
Spectrum Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5 Spectrum 6 

Ni 0.46 ± 0.19 0.29 ± 0.24 15.76 ± 0.55 11.86 ± 0.82 0.55 ± 0.85 4.80 ± 0.32 
S 14.40 ± 0.21 19.56 ± 0.30 24.41 ± 0.35 27.74 ± 0.59 34.37 ± 0.78 25.50 ± 0.29 
O 70.92 ± 0.34 59.63 ± 0.50 49.05 ± 0.56 43.79 ± 0.87 28.92 ± 1.21 44.52 ± 0.49 
Ca 14.22 ± 0.22 20.52 ± 0.32 9.06 ± 0.22 8.42 ± 0.35 35.37 ± 0.81 24.15 ± 0.30 
Na 0 0 1.72 ± 0.14 8.19 ± 0.35 0.79 ± 0.13 0.60 ± 0.08 
Mg 0 0 0 0 0 0.43 ± 0.06 

Total 100 100 100 100 100 100 
Note: All values are reported in weight percent (wt%). A value of “0” indicates that the element was below the detection limit. 
Spectra were collected from distinct regions of randomly selected ANSH crystals synthesized from Odontarrhena inflata 
biomass. 

 
In contrast, the MAP sum spectrum of the 

commercial ANSH sample (Figure 9) exhibits 
pronounced peaks corresponding to O, S, and Ni, 
with Ca and Na notably absent. This spectral 
profile indicates the higher purity and structural 
uniformity of the industrial-grade product. The Ni 
peak intensities in the commercial sample are 
significantly greater than those in the biomass-

derived counterpart, suggesting more effective 
incorporation of Ni into the crystal lattice. 
Moreover, the minimal or absent levels of 
interfering elements underscore the critical role of 
recrystallization and advanced purification 
strategies in producing high-purity ANSH from 
biogenic sources. 

 
Figure 9. MAP sum spectrum of the standard industrial ANSH crystal (com-ANSH). The spectrum displays prominent peaks 
corresponding to O, S, and Ni. The absence of Ca and Na signals indicates the superior purity and structural uniformity of 

the industrial sample compared to the biomass-derived counterpart. 
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Comparison of the MAP sum spectrum with the 
elemental data in Table 5 confirms the successful 
crystallization of ANSH in the biomass-derived 
product. However, the significant presence of 
interfering elements such as Ca and Na highlights 
the need for further recrystallization and 
purification steps to enhance product purity and 
meet industrial-grade specifications. Moreover, 
For the biomass-derived ANSH, the data indicate 
that O, Ca, and S are the predominant elements in 
the final crystalline matrix, whereas in the 
industrial sample Ca is absent. 

3.4.2. Raman Spectroscopy Results 

Raman spectroscopy was utilized to analyze the 
molecular structure and vibrational characteristics 
of synthesized ANSH crystals within the spectral 
range of 400–3500 cm⁻¹. A comparative analysis 
between the spectra of the bio-derived sample (bio-
ANSH) and the industrial reference (com-ANSH) 
(Figure 10) revealed several common features 
along with notable distinctions. In the com-ANSH 
sample, a sharp and intense peak at approximately 
982 cm⁻¹ corresponds to the symmetric stretching 
vibration of the sulfate group (ν₁–SO₄²⁻), indicating 
a well-ordered crystalline structure characteristic 
of ANSH. Furthermore, weaker bands observed at 
around 627 cm⁻¹ and 455 cm⁻¹ are assigned to the 
bending vibrations (ν₄ and ν₂ modes) of the sulfate 
group, which are consistent with those typically 
found in hydrated sulfate salts. 

In contrast, the Raman spectrum of the bio-
derived ANSH (bio-ANSH) exhibited a distinct 
vibrational profile. A prominent peak around 1000 
cm⁻¹ is likely attributable to altered symmetry of 
the sulfate ions or structural disruptions induced by 
the biosynthesis process. Additionally, a band near 
1150 cm⁻¹ may indicate the presence of nitrate 
stretching vibrations or other secondary anionic 
species, potentially introduced through residual 
plant metabolites or components of the biological 
growth medium. A broad band observed near 3400 
cm⁻¹ corresponds to the stretching vibrations of 
hydroxyl (O–H) and ammonium (N–H) groups, 
reflecting the presence of hydration water 
molecules and ammonium ions within the crystal 
lattice. Although this band also appears in the com-
ANSH spectrum, it is broader and more intense in 
the bio-derived sample, likely due to organic 
impurities or variations in the local crystalline 
environment. 

Overall, the Raman spectroscopy results 
confirmed the formation of a nickel-containing 
sulfate structure in both samples. However, the 

spectral differences observed in the bio-ANSH 
sample reflect the influence of biosynthetic 
conditions on the molecular configuration and 
crystalline characteristics of the final product. 

 
Figure 10. Raman spectra of com-ANSH and bio-

ANSH samples. The com-ANSH denotes the 
industrial-grade standard crystal, whereas bio-

ANSH refers to the ANSH product synthesized from 
biologically processed plant biomass. 

3.4.3. FTIR Results 

Fourier-transform infrared (FTIR) spectroscopy 
was utilized to identify functional groups and 
evaluate the chemical structure of the synthesized 
ANSH crystals. Comparative analysis of the 
spectra from the bio-derived sample (bio-ANSH) 
and the industrial standard (com-ANSH) (Figure 
11) confirmed the presence of distinct absorption 
bands corresponding to sulfate and ammonium 
functional groups in both specimens. 

In the FTIR spectrum of bio-ANSH, a strong 
absorption band appeared around 1100 cm⁻¹, 
corresponding to the asymmetric stretching 
vibration of the sulfate group (ν₃–SO₄²⁻), indicating 
the successful incorporation of sulfate units into the 
crystal lattice. Additionally, a distinct band near 
627 cm⁻¹ was attributed to the bending vibration 
(ν₄–SO₄²⁻) of the sulfate group. A band observed 
around 1400 cm⁻¹ was assigned to the bending 
vibration of the ammonium group (δ–NH₄⁺), 
confirming the presence of NH₄⁺ ions within the 
ANSH crystal structure. 

Furthermore, a broad absorption band in the 
range of 3200–3400 cm⁻¹ was observed, 
corresponding to the stretching vibrations of 
hydroxyl (O–H) and ammonium (N–H) groups, 
indicative of the presence of hydration water 
molecules and ammonium ions. Additionally, an 
absorption band near 1640 cm⁻¹ was attributed to 
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the bending vibration of water molecules, further 
confirming the hydrated nature of the synthesized 
compound. 

Compared to the spectrum of com-ANSH, the 
bio-ANSH sample exhibited slightly lower 
intensities and minor shifts in peak positions. These 
variations may be attributed to residual mineral or 
organic impurities originating from the 
bioprocessing steps, as well as differences in 
synthesis and crystallization conditions. 
Nevertheless, the overall FTIR spectral profiles of 
both samples were in strong agreement, confirming 
the successful formation of crystalline nickel 
ammonium sulfate hexahydrate in the bio-derived 
product. 

 
Figure 11. FTIR spectra of com-ANSH and bio-

ANSH samples. com-ANSH refers to the industrial 
standard crystal, while bio-ANSH represents the 

ANSH crystal obtained through biomass processing. 

3.5. Economic and Environmental Assessment 
3.5.1. Economic Aspects 

Although this study was conducted at 
laboratory and pilot scales, preliminary evaluations 
indicate that utilizing the hyperaccumulator plant 
O. inflata for Ni agromining in the serpentine 
regions of Iran holds considerable economic 
potential. Experimental data showed that the Ni 
concentration in the aerial biomass reached 2,195 
mg/kg (dry weight). By extrapolating pot-scale 
results to a per-hectare basis, the estimated annual 
dry biomass yield under controlled greenhouse 
conditions was approximately 90–100 kg ha⁻¹. 
However, this estimate applies specifically to semi-
controlled conditions and may vary under open-
field cultivation due to environmental and 
agronomic factors. 

While the quantity of Ni recovered at this scale 
remains limited, the economic outlook improves 

substantially when the recovered metal is 
converted into ANSH. This value-added compound 
possesses greater commercial potential due to its 
wide-ranging applications in electroplating, 
chemical synthesis, and catalyst production [45], 
thereby increasing the overall profitability of the 
agromining value chain. 

Although the process entails substantial 
operational costs—including harvesting, ashing, 
chemical reagents, energy consumption, and 
labor—previous economic assessments of species 
such as Alyssum murale and O. chalcidica have 
demonstrated that, under favorable conditions and 
with proper optimization, achieving net 
profitability is feasible [7, 34]. For example, field 
trials have reported dry biomass yields of up to 20 
t ha⁻¹ and Ni concentrations reaching 22 g kg⁻¹ in 
O. chalcidica, highlighting the economic viability 
of large-scale agromining [70]. In South Africa, Ni 
recovery rates of up to 77 kg ha⁻¹ have been 
reported under optimal conditions using Berkheya 
coddii [71]. Consequently, exporting bio-ore or 
harvested biomass to countries with advanced Ni 
extraction technologies could enhance local 
economic returns and support the production of 
high-purity Ni sulfate and other value-added 
products [18]. 

From an innovation perspective, integrating 
agromining with advanced techniques such as 
Enhanced Rock Weathering (ERW) offers a highly 
promising outlook. In this approach, the 
application of finely ground silicate minerals—
such as basalt—to the soil accelerates chemical 
weathering processes, promotes atmospheric CO₂ 
sequestration, enhances micronutrient availability, 
and ultimately increases metal uptake and 
accumulation in plants [72–75]. Moreover, because 
ERW technologies are eligible for carbon credit 
schemes, their combined implementation with 
agromining could substantially enhance the 
economic viability and investment attractiveness of 
this emerging strategy. 

3.5.2. Environmental Aspects 

Ni recovery from the biomass of O. inflata has 
been proposed as an innovative and sustainable 
alternative to conventional extraction methods, 
offering technically acceptable recovery rates. 
Nevertheless, it is essential to rigorously assess the 
potential environmental impacts associated with 
this process. For example, the ashing step 
conducted at 550°C may generate gaseous 
emissions from the combustion of plant-derived 
organic matter, including CO₂ and volatile organic 
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compounds (VOCs). The implementation of 
controlled furnaces and drying systems equipped 
with advanced filtration technologies can, 
however, substantially mitigate the release of these 
pollutants into the atmosphere [76, 77]. 
Furthermore, integrating agromining with land 
rehabilitation practices—such as phytoremediation 
and the reclamation of degraded sites—can 
improve soil quality, reduce heavy metal 
contamination, and promote long-term land 
productivity [18, 78–80]. 

The adoption of agromining using 
hyperaccumulator plants such as O. inflata 
represents a novel paradigm for advancing 
sustainable development within the mining sector. 
This approach not only aligns with core 
environmental sustainability principles—by 
minimizing ecological degradation and reducing 
reliance on fossil resources—but also enables low-
cost, non-invasive metal extraction from nutrient-
poor soils. Additionally, coupling this strategy with 
community-based environmental education 
initiatives can enhance ecological literacy, reshape 
public perceptions of mining activities, and foster 
broader societal engagement in natural resource 
conservation [81]. 

Moreover, incorporating agromining into the 
strategic planning of mining operations—
particularly through the use of renewable energy 
sources during biomass processing and metal 
recovery stages—can significantly reduce carbon 
emissions and fossil fuel dependency, thereby 
contributing to the achievement of long-term 
sustainability goals [82]. 

4. Conclusions 

The findings of this study clearly indicate that 
O. inflata possesses considerable potential as a Ni 
hyperaccumulator in the serpentine soils of Iran. 
Despite the low proportion of exchangeable Ni 
relative to the total concentration, the low calcium-
to-magnesium ratio, and the chemically 
challenging soil conditions, this species 
successfully thrived in the native soils of eastern 
Iran and accumulated substantial amounts of Ni in 
its tissues. 

From an applied perspective, these results 
present promising opportunities for the deployment 
of O. inflata in agromining initiatives across the 
ophiolitic regions of Iran, which are predominantly 
composed of serpentine soils. Moreover, the 
species demonstrates strong potential for inclusion 
in phytoremediation programs aimed at 
rehabilitating nickel-contaminated soils. 

Cultivation of O. inflata on low-productivity or 
polluted lands could simultaneously facilitate the 
biological recovery of valuable metals and improve 
soil quality, thereby contributing to broader 
environmental restoration efforts. Expanding 
cultivation to field-scale operations—particularly 
within Iran’s ophiolitic zones can be strategically 
aligned with national objectives for land 
rehabilitation and rural development through 
agromining. 

Given that most chromite deposits are 
associated with serpentinized ultramafic rocks, and 
considering the large volumes of waste generated 
from chromite mining and the significant 
concentrations of Ni present in these tailings [83], 
future research should investigate the feasibility of 
Ni recovery from chromite mine tailings using 
hyperaccumulator plants such as O. inflata. This 
approach could enhance the recovery of valuable 
metals from secondary resources while aligning 
with the principles of sustainable development and 
the circular economy, thereby reducing 
environmental pollution caused by mining waste. 

Nevertheless, the present study was limited to 
greenhouse and laboratory scales, and several 
operational challenges—such as field-scale 
performance, interspecific plant competition under 
natural conditions, large-scale nutrient 
management, operational costs, and long-term 
economic viability—remain to be fully addressed. 

In conclusion, this work represents a 
preliminary yet significant step toward the 
localization of agromining technology in Iran. 
Future studies should prioritize: (1) field-scale 
evaluations of plant performance; (2) optimization 
of chemical processes to improve the purity of the 
final product; and (3) comprehensive economic, 
environmental, and life-cycle assessments to 
enhance the commercial viability of this 
technology within the framework of sustainable 
development. 
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کارا  نیا ن  Odontarrhena inflataابرانباشتگر    یبوم  اهیگ  ییمطالعه  استخراج  در  از Ni(  کلیرا   (
رباط   کی اولتراماف  يهاخاك شمال  دیسفمنطقه  ادر  امکان   یابیارز  رانیشرق  و    ي ریکارگبه  یسنجنمود 

  ی نیاز خاك سرپانت  ستفادهماهه با اشش   ياگلخانه   شی آزما  کیکرد.    یشده را بررسکنترل   طیدر شرا  نگینیآگروما
  اه یگ  ییدوره کشت، اندام هوا انیانجام شد. در پا  لوگرمی بر ک  گرمی لی م  1460برابر با   کلیهمگن با غلظت کل ن

 1BCF/ 5(  وتراکمیب  بیکرد. ضر  دیتول  کلین  لوگرمیبر ک  گرمی لی م  2195خشک با غلظت    تودهستیگرم ز  122
 يهابه اندام  شه یو انتقال آن از ر  کلیدهنده جذب مؤثر ننشان  دهش) محاسبه = TF 3/ 53انتقال (  بی) و ضر=

  ي وشوشد که سپس تحت شست   دیو خاکستر تول  زیرول یپ  گرادی درجه سانت  550  يدر دما  تودهست یبود. ز  ییهوا
برابر    کلیاستخراج ن  یبازده  نگ یچی ل  ندیفرآ  نی) قرار گرفت. اH₂SO₄(  کی سولفور  دیبا اس  نگیچی متقاطع و ل

و باز  %78.9با     ي زهای . آنالدیبرآورد گرد  %3.53  تودهستیاز خاك تا خاکستر ز  کلین  یکل  یابیرا حاصل کرد 
کاهش    یطور قابل توجهبه  یینها  ي) در محصول بلورFe) و آهن (Mg(  میزینشان داد که غلظت من   يعنصر

به مراحل  ازی دهنده ننشان کهماند   ی) باقNa( می) و سدCa( میکلس ياقابل ملاحظه  ریحال، مقاد نیبا ا افت؛ی
ن  دراتی(هگزاه  ANSHبه    یابیدست  يبرا  شتریب  يسازخالص   ای  يبازبلورساز درجه ومیآمون  کلیسولفات  با   (

 ییدر اندام هوا  يکمتر  کلیغلظت ن  O. inflata  کل،یابرانباشتگر ن  اهانیگ  ر یبا سا  سه یاست. در مقا  یصنعت
همچون    ییهای ژگیو بینشان داد، اما ترک  Alyssum muraleو  Odontarrhena chalcidicaنسبت به  

  ي برا  دبخشیو ام  داریپا  يانهیآن را به گز  اه،یگ  نیا  بودنی و بوم  ،بالا انتقال    بی، ضرقوي   یکیاکولوژ  يسازگار
  . کندی م لیتبد رانیا کلیاز ن یغن يهادر خاك نگینیآگروما يکاربردها

    کلمات کلیدي 

  نگ ینیآگروما
  ی ن یخاك سرپانت 

Odontarrhena inflata  
ANSH  

  د یسفرباط 
  

  
 
 
 


