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Abstract 
Chromium (Cr) bioavailability in calcareous agricultural soils is strongly influenced by soil properties and extraction 
conditions, yet limited data exist for Libyan soils. This study aimed to evaluate the extractability of Cr using eight 
single extractants (deionized water, EDTA, ammonium acetate, ammonium chloride, ammonium oxalate, 
hydroxylamine HCl, calcium chloride, and magnesium chloride) at three pH values (4.91, 6.00, and 10.14) across 
six soils from the Tarhuna district, Libya, representing high carbonate (>30% CaCO₃) and low carbonate (<3% 
CaCO₃) groups. Total Cr concentrations averaged 6.03 mg/kg in low carbonate soils (0–10 cm depth) and 6.91 
mg/kg in high carbonate soils (40–50 cm depth). Extractable Cr ranged from 0.0116 mg/kg (EDTA, pH 10.14) to 0.225 
mg/kg (NH₄OAc, pH 10.14), corresponding to 0.17–3.73% of total Cr. Based on established Cr speciation chemistry, 
extraction at pH 10.14 is expected to favor solubilization of Cr(VI) anionic species, whereas acidic to neutral pH 
(4.91–6.00) favors release of Cr(III) species; direct speciation analysis was not performed in this study. Ammonium 
acetate at pH 10.14 produced the highest extraction efficiency (3.73% of total Cr), while EDTA at pH 10.14 in high-
carbonate soils gave the lowest (0.17%). Extraction curves showed marked differences between high and low 
carbonate soils, particularly with deionized water, reflecting Cr(VI) retention by CaCO₃ under alkaline conditions. 
Alkaline pH (10.14) preferentially extracted Cr(VI) as anionic species, whereas acidic to neutral pH (4.91–6.00) 
favored Cr(III) release. Correlation analysis (n=42) revealed weak positive relationships between EDTA extractable 
Cr and organic matter (r up to 0.176) and weak negative relationships with CaCO₃ (r down to –0.266), indicating that 
other factors (e.g., clay content, oxide mineralogy) also contribute to Cr retention. Although absolute extraction 
values were low, the extractable Cr concentrations (0.0116 to 0.225 mg/kg) fall within ranges reported to influence 
plant uptake in sensitive species, suggesting potential ecological relevance under specific conditions. 
Keywords. Chromium Bioavailability, Calcareous Soils, Extractants, pH Effect, Ammonium Oxalate, Libyan 
Agriculture. 

  

Introduction 
The assessment of trace element bioavailability in soils remains a fundamental challenge in environmental chemistry and 
soil fertility, as it determines the potential mobility, plant uptake, and food chain entry of both essential and potentially  toxic 
elements [1, 2]. Bioavailability is not a single fixed value but rather a complex function of the element's chemical speciation, 
soil properties, and the biological receptor of interest [3, 4]. Chromium (Cr) is of particular concern because its toxicity, 
mobility, and bioavailability depend entirely on its chemical form: trivalent Cr(III) is relatively insoluble, forms stable 
complexes with organic matter, and is considered essential for mammalian metabolism in trace amounts, whereas 
hexavalent Cr(VI) is highly soluble, mobile, and a known human carcinogen [5, 6]. In agricultural soils, Cr originates from 
both natural weathering of parent materials and anthropogenic inputs such as fertilizers, sewage sludge, and industrial 
effluents, but its fate is strongly modulated by soil properties including pH, calcium carbonate content, organic matter, and 
redox conditions [7, 8]. For example, Cr(III) dominates at acidic to neutral pH and is readily adsorbed or precipitated, while 
Cr(VI) exists as anionic species (HCrO₄⁻, CrO₄²⁻) that are weakly retained in alkaline soils, although the presence of Ca²⁺ in 
calcareous soils can enhance Cr(VI) retention and reduce its mobility [9, 10]. Since total elemental analysis provides limited 
information on environmental risk, single-extraction procedures using chelating agents (e.g., EDTA) or non-chelating salt 
solutions (e.g., CaCl₂, MgCl₂, NH₄OAc) have been widely developed to estimate the labile or bioavailable metal fraction in 
soils [11, 12]. More recently, advanced techniques such as diffusive gradients in thin films (DGT) have been used to assess 
heavy metal bioavailability in water and soil, offering improved predictions of plant uptake [13, 14]. Additionally, the 
integration of bioavailability-based approaches into regulatory frameworks is increasingly recommended for ecological risk 
assessment and soil quality standard setting [2, 4, 6]. However, the performance of traditional single extractants has rarely 
been systematically compared for Cr in arid-zone calcareous soils, such as those extensively found across North Africa, 
including Libya. Therefore, the present study was conducted on six Libyan agricultural soils (three with high CaCO₃ >30% 
and three with low CaCO₃ <3%) with the following objectives: (i) to determine Cr bioavailability using eight extractants (0.01 
M) at three pH values (4.91, 6.00, 10.14); (ii) to evaluate and compare extractant efficiency; and (iii) to elucidate the effect 
of pH and carbonate content on Cr transport and retention behavior. 
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Materials and methods  
Soil Sampling and Preparation 
Six agricultural soil samples were collected from the Tarhuna district, Libya. Three samples had high calcium carbonate 
content (>30%, designated group b), and three had low calcium carbonate content (<3%, designated group a). For EDTA 
extraction only, a larger set of 42 samples was used. All soils were air-dried, crushed, and passed through a 2 mm sieve. 
Soil compaction and biological activity are known to influence metal mobility and bioavailability, as discussed by [15] and 
[16], although these factors were not directly measured in the present study. 
 
 Physicochemical analysis 
Soil pH was measured in a 1:2.5 soil-to-water ratio suspension using a glass electrode [17, 18]. The percentage of organic 
matter was determined by the Walkley–Black method [19], while calcium carbonate (%) content was measured using the 
Drouineau volumetric method [20]. Electrical conductivity and temperature were also recorded. Results are presented 
in (Table 1).   
 

Table 1. Physical and chemical properties of selective soils 
conductivity OM CaCO3 PH Deep Type of area Name of region samples 

temp. oC µs % % temp. oC Values No 
23 89 0.774 0.8 21.7 8.5 0 cm Olive Cultivated Al-Khdra a 
24.2 198 0.891 1.88 20.5 8.7 0 cm Seeds Cultivated AlHuwtim b 
22.6 209 0.032 1.88 20.5 8.8 0 cm Olive Cultivated Mingar Al Teer c 
19.5 129.1 0.194 32.39 22.6 9.29 50 cm Seeds Cultivated Teryqhlate d 
19.5 127.7 0.502 29.42 22.6 9.11 50 cm Grape Cultivated Suq al Gumaa e 
22.4 295 0.384 29.42 20.5 9.21 50 cm Seeds Cultivated Ash Shuwarif f 

Note: OM = organic matter; EC = electrical conductivity; all values represent single measurements per sample. 
 
The assessment of heavy metal bioavailability in soils, including the use of standardized methods and sequential extraction 
schemes such as the BCR (Community Bureau of Reference) procedure, has been extensively reviewed by  [1] and [14]. 
However, the present study focused on single extractants to provide an operational measure of Cr bioavailability under 
controlled pH conditions.  

 
Extractants and pH conditions 
Eight extractants were prepared at 0.01 M concentration: deionized water (H₂O), EDTA  (disodium salt), ammonium acetate 
(NH₄OAc), ammonium chloride (NH₄Cl), ammonium oxalate ((NH₄)₂C₂O₄), hydroxylamine hydrochloride (NH₂OH·HCl), 
calcium chloride (CaCl₂), and magnesium chloride (MgCl₂).  Each extractant solution was adjusted to three pH values: 4.91, 
6.00, and 10.14 using 0.1 M HCl or NaOH without buffering agents to avoid potential complexation with Cr. Final ionic 
strength varied slightly with pH adjustment but remained within ±15% of the nominal 0.01 M concentration. The pH of each 
extractant was verified immediately before use; potential pH drift during the 2-hour extraction period was not monitored 
but is acknowledged as a limitation. The selection of these extractants was informed by previous studies on metal 
bioavailability in contaminated and agricultural soils [11, 12].  
 
Extraction procedure  
Extractions were performed in triplicate for each soil type, extractant, and pH combination. Five grams of air-dried, sieved 
(<2 mm) soil were mixed with 25 mL of extractant (1:5 soil: solution ratio), shaken for 2 hours, centrifuged at 3,000 × g for 15 
minutes, and filtered through 0.45 μm filters. Chromium concentration in the extracts was determined using graphite 
furnace atomic absorption spectrophotometry (GFAAS).  This extraction approach provides an operational measure of 
potentially bioavailable Cr under controlled pH conditions but does not distinguish between Cr(III) and Cr(VI) species 
without additional speciation analysis [1, 21]. 
 
Total chromium and statistical analysis 
Total Cr concentration was determined following aqua regia digestion using HCl: HNO₃, 3:1 v/v. Mean, standard deviation 
(SD), and range were calculated for each extractant and pH condition. Correlation coefficients (Pearson’s r) between 
EDTA-extractable Cr and organic matter or CaCO₃ were calculated for the 42 soil samples from the Tarhuna district to 
improve statistical power; these samples included the six soils studied with all extractants. Bioavailability models and 
statistical approaches for metal risk assessment in soils have been reviewed by [4] and [2], and the methods used here 
follow standard practices for single-extraction studies. 
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Results and discussion   
Soil properties 
The physical and chemical properties of the six selected soils are summarized in (Table 1).  Soil pH values ranged from 8.5 
to 9.29, indicating strongly alkaline conditions typical of calcareous semi-arid soils. Calcium carbonate contents varied 
from 0.8% to 32.39%, whereas organic matter contents were generally low (0.032% to 0.891%), and electrical conductivity 
ranged from 89 to 295 µS/cm. These properties are known to strongly influence heavy-metal retention and mobility in soils 
[1, 21].  
 
Total chromium concentration 
Total Cr concentrations in the studied soils are shown in (Table 2). The mean total Cr was 6.03 mg/kg for low-carbonate 
soils (group a) and 6.91 mg/kg for high-carbonate soils (group b). These values are within the typical background range for 
uncontaminated calcareous soils and are similar to those reported in other studies on Cr bioavailability in agricultural 
systems [5, 14]. 
 

Table 2.  Total Cr concentrations in the studied soils. 
samples     No Total Cr Conc. [mg/kg] 
a 
Soil samples at depth (0 – 10 cm) 

Mean 6.03 
Range 5.25 
SD 1.2336 

b 
Soil samples at deep (40 – 50 cm) 

Mean 6.91 
Range 5.6 
SD 1.2535 

 
Chromium extraction at different pH values 
To facilitate comparison, extraction results from pH 4.91, 6.00, and 10.14 have been combined into (Table 3) below. Data 
are presented as mean Cr extracted (mg/kg) and as a percentage of total Cr, separately for low-carbonate (a) and high-
carbonate (b) soils. 
 

Table 3. Chromium extracted (mg/kg) and % of total Cr at three pH values using eight extractants 
(n=3) 

Extractant (0.01 M) Soil Group pH 4.91 pH 6.00 pH 10.14 
Deionized water a (low CaCO₃) 0.1517 (2.52%) 0.1077 (1.79%) 0.087 (1.44%) 

b (high CaCO₃) 0.200 (2.90%) 0.067 (0.97%) 0.109 (1.58%) 
EDTA a 0.09 (1.49%) 0.188 (3.12%) 0.0956 (1.59%) 

b 0.0723 (1.05%) 0.0836 (1.21%) 0.0116 (0.17%) 
Ammonium acetate a 0.077 (1.28%) 0.046 (0.76%) 0.225 (3.73%) 

b 0.0686 (0.99%) 0.0286 (0.41%) 0.106 (1.53%) 
Ammonium chloride a 0.111 (1.84%) 0.0783 (1.30%) 0.0783 (1.30%) 

b 0.0656 (0.95%) 0.0523 (0.76%) 0.147 (2.13%) 
Ammonium oxalate a 0.093 (1.54%) 0.124 (2.06%) 0.1677 (2.78%) 

b 0.0596 (0.86%) 0.101 (1.46%) 0.081 (1.17%) 
Hydroxylamine HCl a 0.074 (1.23%) 0.11 (1.82%) 0.0653 (1.08%) 

b 0.076 (1.10%) 0.038 (0.55%) 0.053 (0.77%) 
Calcium chloride a 0.0146 (0.24%) 0.112 (1.86%) 0.204 (3.38%) 

b 0.044 (0.64%) 0.1433 (2.07%) 0.059 (0.85%) 
Magnesium chloride a 0.198 (3.28%) 0.091 (1.51%) 0.0184 (0.31%) 

b 0.14 (2.03%) 0.174 (2.52%) 0.156 (2.26%) 
Note: Percentages represent Cr extracted relative to total Cr (group a: ~6.03 mg/kg; group b: ~6.91 mg/kg). 
 
Effect of pH on chromium extraction patterns  
The results of this study demonstrate that chromium extractability in Libyan calcareous agricultural soils is strongly 
dependent on the type of extractant, the pH of the extracting solution, and the calcium carbonate content of the soil. As 
presented in the merged Table 3, the quantities of Cr extracted ranged widely, from a minimum of 0.0116 mg/kg (EDTA, pH 
10.14, soil b) to a maximum of 0.225 mg/kg (NH₄OAc, pH 10.14, soil a), which corresponds to 0.17% to 3.73% of total Cr. 
Although these absolute amounts are small, they fall within or exceed the typical Cr concentration range reported in plants 
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(0.02–1.5 ppm), indicating potential bioavailability, as discussed by [2, 3]. Furthermore, the shape of the Cr extraction 
curves differed markedly between high-carbonate (group b) and low-carbonate (group a) soils depending on the extractant 
type and pH, as illustrated in Figures 1 to 8. 
 
Deionized water  
 (Figure 1) illustrates the effect of pH on Cr extraction using deionized water. For low-carbonate soils (group a), Cr extraction 
decreased steadily as pH increased from 4.91 to 10.14, declining from 2.52% to 1.44% of total Cr. In contrast, high-
carbonate soils (group b) exhibited a distinct V-shaped pattern, with a minimum extraction of 0.97% at pH 6.00, followed 
by a slight increase to 1.58% at pH 10.14. This divergence between the two soil groups can be attributed to the retention 
behavior of Cr(VI) species such as CrO₄²⁻ and HCrO₄⁻, which diminishes as pH increases [10, 14]. In alkaline calcareous 
soils, the presence of Ca²⁺ ions promote Cr(VI) sorption, thereby reducing its mobility [7, 8]. Furthermore, competing anions 
including HCO₃⁻, SO₄²⁻, and H₄SiO₄ may additionally affect Cr adsorption under field conditions [9, 22]. 
 

 
Figure 1. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using deionized water  

 
EDTA  
(Figure 2) presents the extraction pattern obtained with 0.01 M EDTA. Extraction peaked at pH 6.00 for both soil groups, with 
low-carbonate soils (group a) extracting nearly twice as much Cr (3.12%) as high-carbonate soils (group b, 1.21%). At pH 
10.14, Cr extraction from high-carbonate soils dropped sharply to 0.17%, representing the lowest value recorded among all 
extractants and pH combinations. The relatively poor performance of EDTA, even at its optimal pH of 6.00 (maximum 3.12% 
for low-carbonate soils), suggests that Cr in these soils is not predominantly bound to organic matter. This finding is 
consistent with the low organic matter content reported in Table 1 (0.032–0.891%). Similar observations have been 
documented by [1, 6]. 

 
Figure 2. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using 0.01 M EDTA  

 
Ammonium acetate  
(Figure 3) displays the extraction behavior of 0.01 M ammonium acetate. Low-carbonate soils (group a) exhibited a U-
shaped curve, with minimum extraction at pH 6.00 (0.76%) and maximum extraction at pH 10.14 (3.73%), which represents 
the highest overall extraction efficiency recorded in this study. High-carbonate soils (group b) showed a relatively flat 
response across the pH range, with a slight increase at pH 10.14 (1.53%) and a minimum at pH 6.00 (0.41%). The superior 
performance of ammonium acetate at pH 10.14 indicates that this alkaline extractant is particularly effective at releasing 
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Cr(VI) anionic species, which remain soluble and mobile under alkaline conditions [20]. This finding aligns with the observed  
increase in Cr extraction at high pH for other alkaline extractants such as calcium chloride and magnesium chloride.  
 

 
Figure 3. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using 0.01 M Ammonium acetate  

 
Ammonium chloride  
(Figure 4) shows the extraction pattern for 0.01 M ammonium chloride. Both soil groups exhibited increased extraction at 
pH 10.14, but the increase was more pronounced in high-carbonate soils (group b), which reached 2.13% compared to 
1.30% for low-carbonate soils (group a). At pH 4.91, extraction was moderate for both groups (1.84% for group a and 0.95% 
for group b), while pH 6.00 yielded intermediate values. The enhanced extraction at alkaline pH suggests that ammonium 
chloride, like other alkaline extractants, is capable of mobilizing Cr(VI) anionic species. The more pronounced response in 
high-carbonate soils may be related to the displacement of adsorbed Cr(VI) by competing anions or to the dissolution of 
carbonate surfaces that retain Cr under neutral conditions. 
 

 
Figure 4. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using 0.01 M Ammonium 

Chloride 
 

Ammonium oxalate  
(Figure 5) illustrates the extraction behavior of 0.01 M ammonium oxalate. For low-carbonate soils (group a), Cr extraction  
 

 
Figure 5. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using 0.01 M Ammonium 

Oxalate 
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increased progressively with rising pH, from 1.54% at pH 4.91 to 2.06% at pH 6.00, reaching a maximum of 2.78% at pH 
10.14. In contrast, high-carbonate soils (group b) exhibited a different pattern, with extraction increasing from 0.86% at pH 
4.91 to a peak of 1.46% at pH 6.00, before declining to 1.17% at pH 10.14. Among all extractants tested, ammonium oxalate 
produced the highest extraction in low-carbonate soils at pH 10.14 (2.78%), while its maximum overall performance across 
both soil groups was observed at pH 6.00 for low-carbonate soils (2.06%). This indicates that ammonium oxalate is 
particularly effective at releasing Cr associated with iron and manganese oxides through reductive dissolution and 
complexation, especially under acidic to neutral pH conditions that favor the dissolution of amorphous Fe and Mn oxides 
and the subsequent release of associated Cr. 

Hydroxylamine HCl  
(Figure 6) presents the extraction pattern for 0.01 M hydroxylamine hydrochloride. Extraction was low across all pH values 
for both soil groups. The maximum extraction was observed at pH 6.00 for low-carbonate soils (1.82%), while high-
carbonate soils showed their highest extraction at pH 4.91 (1.10%). At pH 10.14, extraction decreased to 1.08% for group a 
and 0.77% for group b. The generally low extraction efficiency of hydroxylamine HCl across all pH values suggests that this 
extractant is less effective at mobilizing Cr from these calcareous soils compared to the other extractants tested. This may 
be related to the specific geochemical forms of Cr present in these soils, which are not readily dissolved by hydroxylamine 
under the conditions employed. 
 

 
Figure 6. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using 0.01 M 

Hydroxyamine Hydrochloride 
 
Calcium chloride  
(Figure 7) shows the extraction behavior of 0.01 M calcium chloride. Low-carbonate soils (group a) exhibited a steady 
increase in Cr extraction with rising pH, from 0.24% at pH 4.91 to 1.86% at pH 6.00 and reaching 3.38% at pH 10.14. High-
carbonate soils (group b) showed a different pattern, with maximum extraction at pH 6.00 (2.07%) and lower values at pH  
4.91 (0.64%) and pH 10.14 (0.85%). The contrasting patterns between the two soil groups suggest that Cr retention 
mechanisms differ depending on carbonate content. In low-carbonate soils, the increase in extraction with pH indicates 
that alkaline conditions favor the mobilization of Cr(VI) anionic species. In high-carbonate soils, the peak at pH 6.00 may 
reflect the balance between Cr(VI) desorption and re-adsorption onto carbonate surfaces 

 
Figure 7. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using 0.01 M Calcium chloride  
. 
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Magnesium chloride 
(Figure 8) illustrates the extraction pattern obtained with 0.01 M magnesium chloride.  Low-carbonate soils (group a) 
displayed a bimodal pattern, with high extraction at both pH 4.91 (3.28%) and pH 10.14 (0.31%), and a minimum at pH 6.00 
(1.51%). High-carbonate soils (group b) showed a progressive increase in extraction with pH, from 2.03% at pH 4.91 to 
2.52% at pH 6.00 and 2.26% at pH 10.14. The bimodal pattern observed in low-carbonate soils suggests that different Cr 
pools are mobilized under acidic and alkaline conditions. At acidic pH, Cr(III) species may be released through proton-
promoted dissolution, while at alkaline pH, Cr(VI) anionic species become mobile. The progressive increase in high-
carbonate soils indicates that alkaline conditions enhance Cr extraction, likely due to the increased solubility of Cr(VI) and 
the displacement of adsorbed species by competing anions. 
 

 
Figure 8. Effect of pH on Cr extraction from Tarhuna soil at a soil:solution ratio of 1:5 using 0.01 M Magnesium 

Chloride 
Correlations with soil properties (n = 42) 

For EDTA-extractable Cr and organic matter percentage, correlation coefficients were: 
• r = 0.176 at pH 4.91 
• r = 0.023 at pH 6.00 
• r = 0.112 at pH 10.14 

For EDTA-extractable Cr and calcium carbonate percentage: 
• r = -0.038 at pH 4.91 
• r = -0.208 at pH 6.00 
• r = -0.266 at pH 10.14 

All correlations were weak and statistically non-significant (p > 0.05), indicating that while organic matter and CaCO₃ may 
influence Cr extractability, they are not dominant controlling factors in these soils. Additional variables such as clay 
mineralogy, Fe/Mn oxide content, and redox microsites likely contribute to Cr retention and mobility. But these weak 
positive correlations with organic matter and weak negative correlations with CaCO₃ are consistent with the literature [1, 8,  
21].  
 
Conclusions 
Comparison of the eight extractants demonstrated substantial variation in chromium extractability as a function of 
extractant type, pH, and soil carbonate content. Based on the verified Table 3 calculations, the highest extracted fraction 
was obtained using ammonium acetate at pH 10.14 in low-carbonate soils, yielding 0.225 mg/kg or 3.73% of total Cr. The 
lowest overall extraction was obtained using EDTA at pH 10.14 in high-carbonate soils, yielding 0.0116 mg/kg or 
approximately 0.17% of total Cr. Ammonium oxalate showed relatively high extraction under selected conditions but was 
not the most effective treatment overall. These findings confirm that the operationally extractable Cr fraction depends 
strongly on extraction chemistry, pH, and soil carbonate status. Because GFAAS measured total Cr in the extracts and no 
oxidation-state-specific method was applied, the results should not be presented as direct measurements of Cr(VI) or 
Cr(III). Instead, the pH-dependent patterns are consistent with known chromium speciation chemistry and should be 
interpreted as mechanistic expectations. Further work using a validated Cr(VI)-specific method and/or sequential 
extraction would strengthen assessment of chromium mobility and environmental relevance in these calcareous 
agricultural soils. 
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