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Abstract
Owing to the similar chemistry of phosphorus (P) and arsenic (As), sodium bicarbonate (0.5 N NaHCO3) is commonly used to extract plant accessible As in
soil. However, 0.5 N NaHCO3 is not compatible with the ICP-MS measurement due to the large amount of dissolved solids. This investigation set out to devise
a suitable extractant for determining extractable As in soil and measured by the ICP-MS. Paired soil and plant samples were collected from paddy fields in
West Bengal, India. Soil was extracted with 0.5 M NaHCO3, 0.03 M (0.1 N) and 0.17 M (0.5 N) phosphoric acid (H3PO4), 0.05 M (0.1 N) and 0.25 M (0.5 N)
sulfuric acid (H2SO4), and 0.01 M calcium chloride (CaCl2). This made it possible to measure As by hydride generation-atomic absorption spectrophotometer
(HG-AAS), while ICP-MS was used for the determination of As extracted from soil with different concentrations (0.1-1.5M) of HNO3. The NaHCO3 extractable

As was 1.45 and 1.23 mg kg− 1 for soil to extractant ratio of 1:20 and 1:5, respectively. Of these extractants, 1.5 N HNO3 extractable As had the best correlation
with As content in rice grain (r = 0.45**) and straw (r = 0.71**), comparable with standard extractant i.e. 0.5 N NaHCO3 (r = 0.47** and r = 0.64** in case of grain
and straw, respectively). A significant positive relationship of 1.5 N HNO3 was obtained with 0.5 N NaHCO3. Thus, 1.5 N HNO3 may serve as an extractant for
soil As, which is compatible with ICP-MS analysis.

Introduction
Arsenic (As) is not an essential element for plant, animal, or human life but it does have a wide range of biological outcomes. If the concentration of As in soil
is higher than a certain threshold limit it can be toxic to humans, flora and fauna. Rahaman et al. (2013) suggested that total As concentration in soil ranging
from 10 to 20 mg kg− 1 is a reliable indicator of As pollution. A meta-analysis conducted by Mandal et al. (2021) suggested that the maximum permissible
limit of As content in rice grain exceeded the threshold value of 200 µg kg− 1. This was especially the case if more than 14 mg kg− 1 As concentration in paddy
soil of the Asian region was recorded. Further studies suggested that total As content in soils does not always reflect its bioavailability or potential toxicity
measurements, which are far more essential for determining potential environmental implications. The forms of As that are physiologically accessible or
bioavailable for plants uptake, pose the most danger due to further biomagnification. The quantity, chemical form, and strength of bonding with soil particles
all influence plant availability (Chen et al., 2020). Various soil chemical techniques can extract distinct amounts of soil As, including sequential and single
chemical extraction methods (Kabata-Pendias, 2004), yet their capacity to quantify the amount of plant-accessible As from soil is not well understood.

Some reports have correlated bioaccessible As with in-vitro analysis or human oral bioaccessibility of As (Bari et al., 2021; Li et al., 2015; Rodrigues et al.,
2018; Fernández-Caliani et al., 2019). A few studies have set out to derive relationships between forms of As in soils and plant As content (Raj et al., 2021; Yu
et al., 2016). Therefore, a suitable analytical approach is necessary to assess readily available forms of As in soil. No such study has correlated bioavailable
As and actual plant As uptake in field conditions. Hence this study will provide useful information to advance existing knowledge. The ideal chemical
extractant and form of As in soils must be determined to assess the element's availability, solubility, and bioavailability for plant absorption (Martinez-Sánchez
et al., 2011). Many extractants are available for extraction of As from soil, i.e. bioavailable form. For neutral soil, 1.0 N NH4Cl, 0.5 N NH4F, saturated NaCl and
0.5 N H2SO4 were employed to extract As. Of these extractants 0.5 N NH4F was the best one (Johnston and Barnard, 1979). Furthermore, when 0.2 M NH4-
oxalate was tested with different shaking periods to determine As in soil, 0.17 h emerged as the best (Wenzel et al., 2001). Trang Hoang and Hahn (2015) used
extractants such as 0.05 M (NH4)2SO4, 0.05 M (NH4)2HPO4, 0.2 M NH4-oxalate buffer, 0.2 M NH4-oxalate buffer + 0.1 M ascorbic acid (pH = 3.25) and HNO3/
H2O2 to investigate As fractionation in Vietnamese agricultural soils. Extractants 0.05 M (NH4)2SO4 and 0.05 M (NH4)2HPO4 bsically reflect easily available
fractions of As in soil that constitute only 7.0% of total As in soil.

In a sequential extraction experiment, Nguyen Van et al. (2017) evaluated extractants, namely 0.05 M (NH4)2SO4 and 0.05 M (NH4) H2PO4 to extract non-
specifically and specifically held As in soil and suggested these fractions reflect plant bioavailability. Raj et al. (2021) evaluated six extractants − 0.2 M NH4-
oxalate, 0.05 N HCl + 0.025 N H2SO4, 0.5 M KH2PO4, 0.5 N NH4F, 0.5 M NaHCO3 and 0.5 M EDTA - and suggested that 0.5 M KH2PO4 have the best correlation
with plant As. In most cases the extractant used for extracting bioavailable As from soil is 0.5 N NaHCO3 (pH = 8.5) (Ghosh et al., 2021; Golui et al., 2017; Das
et al., 2016). The amount of As extracted depends on the strength of the chemical used. For a suitable extractant, the amount of extracted As must be
reflected in plant uptake. Therefore, when evaluating the extractant’s suitability, plant uptake studies should be combined to select the best one. Correlation
between soil parameters and plant As content is essential to choose the best extractant. Suitable soil analysis for calculating extractable As must account for
important soil properties such as pH and organic carbon which is simple to do in a laboratory. Total and extractable As account for 32.2% and 22.2% of the
variation in grain As content while soil pH, organic matter (OM) and clay contents describe 13.1%, 7.9%, and 5.3% of the variation, respectively (Yao et al.,
2021). Bari et al. (2021) reported that partical size is one important aspect which affects bioassessible As. This study revealed a strong correlation between in-
vitro assay of As and 0.43 M HNO3 extractable As in finer fractions of soil. Also of note is that a single test cannot be suggested for all soils, so choosing an
extractant that can reflect As availability in a specific soil group is critical (Anawar et al., 2008).

A variety of analytical instruments are used for examining As in solution such as graphite furnace atomic absorption spectrometry (GF-AAS), inductively
coupled plasma atomic emission spectrometry (ICP-AES) coupled with a hydride generator (Mucci et al., 2003; Van Herreweghe et al., 2003). Flame AAS is not
widely used for As determination in solution due to poor detection limit (< 1 mg L− 1) and interference from other elements in the flame. In the case of Flame
AAS, a hydride generator (HG) system is combined which converts metalloids such as As, Bi, Sb, Se, Te, Ge, and Sn into their respective hydride form in the
presence of strong reducing agents and improves the detection limit up to 100 times (Van Herreweghe et al., 2003). For conversion of metalloids into a volatile
hydride form, many chemicals are needed, for instance hydrochloric acid, potassium iodide, ascorbic acid, sodium borohydride, etc. This process also requires
time for reduction and more glassware, which leads to possible contamination and further dilution of metalloids in samples. Basically, analysis of As in HG-
AAS is expensive, time-consuming and extensive labour is involved. Another limitation in As determination with HG-AAS is that all the As species do not have
equal affinity for hydride formation (Welna et al. 2020).
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Advances in automation and new generations of multi-element analytical equipment, such as inductively coupled plasma mass spectrometer (ICP-MS), have
substantially diminished analytical times and enabled the simultaneous determination of a large number of elements. For the analysis of As-bearing extracts,
ICP-MS is widely utilized (Hudson-Edwards et al., 2003). However, one of the limitations of ICP-MS instruments is handling high salt matrices and identifying
components at ultra-trace levels, so a pre-treatment phase is required (O'Sullivan et al., 2013). In ICP-MS, a sample with a total dissolved solids (TDS)
concentration of less than 0.2% (2 g/L) is typically advised to reduce sample-specific matrix effects and the risk of nebulizer clogging (Wilschefski and Baxter,
2019). Another limitation with ICP-MS for the determination of As in extract is if samples with high chloride (Cl) concentrations lead to molecular interferences
(Hwang et al., 2021). Considering the above, in this present investigation, an effort was made to evaluate the feasibility of several extractants for plant-
available As in relation to soil parameters and plant uptake of As. In this study, we assume that As extracted with a smaller concentration of acids may reflect
the bioavailable fraction of As in soil, which has a better correlation with plant As content.

Materials And Methods

Soil sampling
In this study we selected one As affected district (Nadia) in West Bengal, and it is located between latitude 22º 53″-24º 11″ North and 88º 09″ and 88º 48″ East
longitude. Paired soil and rice plant samples (201, GPS added) were collected at a depth of 0–15 cm in such a way to accommodate maximum variability in
As content of soils (sampling location presented in Fig. 1). The collected samples were air-dried at room temperature, processed and passed through 2.0 mm
sieves and thoroughly mixed. These processed soil samples were used for the analysis of pH (soil: water = 1:2.5) and organic carbon (OC) as outlined by
Jackson (1973) and Walkley and Black (1934), respectively.

Soil extraction procedures and analysis of As
A series of batch extraction experiments were conducted using a naturally contaminated soil with different extracting solutions, namely sodium bicarbonate
(NaHCO3), phosphoric acid (H3PO4), sulfuric acid (H2SO4), nitric acid (HNO3) and calcium chloride (CaCl2) in various concentration like 0.5 M NaHCO3 (1:20),
0.5 M NaHCO3 (1:5), 0.03 M (0.1 N) and 0.17 M (0.5 N) concentration of H3PO4, 0.05 M (0.1 N) and 0.25 M (0.5 N) concentration of H2SO4, 0.1 M (0.1 N) and
0.5 M (0.5 N) concentration of HNO3 with soil-to-solution ratio (1:10) and 0.01 M CaCl2 (1:10). In total, the collected 201 samples were extracted with the
above-mentioned extractants. For this purpose, 10 g of soil samples extracted with different reagents (chemicals used here were of Merck emsure) viz. 0.5 N
NaHCO3 with soil-to-solution ratio (1:20 and 1:5) (Olsen et al., 1954), 0.1 N and 0.5 N concentrations of H3PO4, H2SO4, and HNO3 with soil-to-solution ratio
(1:10) and 0.01 M CaCl2 (1:10) (Spark, 1996). Extraction was done at room temperature at 180 rpm and shaking time lasted 1 hr except for 0.5 N NaHCO3

which was 30 min. A further 38 soil samples were extracted with 1.0 N and 1.5 N concentrations of HNO3 with soil-to-solution ratio (1:10) under similar
conditions (shaking time 1 hr at 180 rpm). Of these 201 samples, 38 were selected based on As content as extracted with 0.5 N NaHCO3 (1:20). Arsenic
content in the extract of HNO3 was determined in ICP-MS (Nexlon 300X, Perkin Elmer, USA) while amounts of As in other extractants were determined through
HG-AAS (Z-Xpress 8000, Spectrum, China).

Plant digestion procedure and determination of As
For determining As in rice grain and straw, the collected grain and straw samples were digested in HNO3 (suprapur grade acids) using a microwave digestion
system (Multiwave ECO, Anton Paar). For this purpose, 0.5 g of samples were pre-digested overnight with 7 ml of HNO3 in a PTEF-TFM vessel and digested in
a microwave digestion system as per the equipment’s operating program. Arsenic content in aliquot was determined with ICP-MS (Nexlon 300 ×, Perkin Elmer,
USA). For quality control, standard reference material (Tomato leaves, 1573a) from NIST was employed.

Statistical analysis
Descriptive statistics parameters for different soil properties, plant As content, and As extracted by different extractants were obtained using SAS software
(SAS, 2011). To visualize the link between soil properties, plant As content and extractable As, Pearson's correlation matrix was utilized. Further, a simple
regression analysis (n = 38) was carried out to explain the contribution of extractable As to straw and grain As content.

Results And Discussion

Characterization of collected soil and plant samples
The pH value of the soil samples (N = 201) collected from the study area varied from 5.38 to 8.05 with an average value of 7.56. Soil reaction in the area varies
from acidic to alkaline in nature. The OC content varies from 0.59 to 1.67%. This indicated that soil belongs to the medium to high carbon content category.
Further analysis of selected 38 samples, pH of samples ranged from 6.72 to 7.96 (mean pH 7.59); while OC content of soil varied from 0.61 to 1.37% (mean
OC = 0.98%). Arsenic content in rice straw (N = 201) ranged from 0.88 to 11.1 mg kg− 1 with a mean value of 3.48 mg kg− 1, whereas As content in rice grain
ranged from 0.20 to 0.61 mg kg− 1 with an average value of 0.43 mg kg− 1. Further analysis of selected 38 samples showed that As content in rice straw was
3.63 mg kg− 1 (1.75 to 11.1 mg kg− 1), while grain As content amounted to 0.41 mg kg− 1 (0.20 to 0.59 mg kg− 1). Generally, the distribution patterns of metals
and metalloids are not regular and highly diverse patterns were obtained.

Some studies conducted in blocks of Nadia reported average extractable As ranged from 0.86 to 7.62 mg kg− 1 (Ghosh et al., 2021). For example, in Malda
district, Olsen extractable As in soil ranged from 0.01 to 0.62 mg kg− 1. Higher extractable As content in soil may be due to excessive use of As contaminated
water over a longer period of time. More or less selected samples, out of a total of 201, had similar soil properties and As content in plants. Total As content in
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soil is not reflected well in terms of plant As uptake and food chain contamination. No extractable As-based maximum permissible limit has been documented
anywhere in the world. Arsenic sorption or desorption on soil mineral surfaces is influenced by soil pH, with higher pH values promoting As release (Zhu et al.,
2014). In this study, diversity in soil properties has been selected for designing new extractant which reflects a bioavailable fraction of As in soil. Absorption
and accumulation of As by plants are significantly influenced by the bioavailability of As in soil (Stroud et al., 2011). Accuracy in measurement of bioavailable
fraction of As in soil improves ecological risk assessment of As in conjunction with total As content (Chen et al., 2020).

Arsenic extracted with different extractants
Result indicated that NaHCO3 (1:20) extractable As was 1.45 mg kg− 1 (0.48–3.57 mg kg− 1), As extracted with NaHCO3 (1:5) was 1.23 mg kg− 1 (0.28–4.11 mg

kg− 1), 0.1 N and 0.5 N H3PO4 extractable As was 1.43 and 2.85 mg kg− 1, respectively, 0.1 N and 0.5 N H2SO4 extractable As was 0.57 and 4.51 mg kg− 1,

respectively (Table 1). Arsenic extracted with 0.1 N and 0.5 N HNO3 was 0.20 and 0.94 mg kg− 1, respectively, while, 0.01 M CaCl2 extractable As was 0.10 mg

kg− 1 (0.01–0.55 mg kg− 1) (Table 1). Based on analysis of 201 samples, the trend of As extracted by different reagents was as follows: 0.5 N H2SO4 > 0.5 N
H3PO4 > 0.5 N NaHCO3 (1:20) > 0.1 N H3PO4 > 0.5 N NaHCO3 (1:5) > 0.5 N HNO3 > 0.1 N H2SO4 > 0.1 N HNO3 > 0.01 M CaCl2. A further 38 samples were
analyzed with a larger concentration of HNO3, and results revealed that the mean values of 1 N HNO3, and 1.5 N HNO3 extractable As were 0.97 and 1.42 mg

kg− 1, respectively (Table 2). Current assessments of the bioavailability of As in soils often employ the single-step extraction strategy, which is based on the
equilibrium distribution principle (Rodrigues et al., 2018). Common extractants use of extraction of plant available nutrients viz. Mehlich-3 and Bray P-1, have
a soil-to-solution ratio of 1: 10 that correlated better with plant nutrient content or uptake (Shahandeh et al., 2017; Gutierrez Boem et al., 2011).

Table 1
Arsenic extracted by different extractants

  NaHCO3
(1:20)

NaHCO3 (1:5) 0.1 N H3PO4 0.5N H3PO4 0.1 N H2SO4 0.5 N H2SO4 0.1 N HNO3 0.5 N HNO3 0.01 M CaCl2

Mean# 1.45 ± 0.58 1.23 ± 0.71 1.43 ± 0.58 2.85 ± 1.35 0.57 ± 0.72 4.51 ± 1.76 0.20 ± 0.34 0.94 ± 0.55 0.10 ± 0.07

Minimum 0.48 0.28 0.40 0.65 0.01 1.00 0.01 0.24 0.01

Maximum 3.57 4.11 4.82 7.84 5.53 10.1 2.91 3.25 0.55

Variance 0.33 0.50 0.34 1.82 0.52 3.09 0.12 0.31 0.005

Kurtosis 0.99 2.26 7.14 1.43 17.3 0.07 39.0 4.63 8.21

Skewness 0.90 1.30 1.63 0.93 3.56 0.44 5.73 1.97 1.88

#Mean ± SD, *All the value of As extracted by different extractants is in mg kg− 1 (Total soil samples analyzed = 201)

Table 2
pH, organic carbon, straw As, grain As and As extracted by different extractants on selected soil samples (N = 38)

  pH OC
%

NaHCO3

(1:20)

NaHCO3

(1:5)

0.1 N
H3PO4

0.5N
H3PO4

0.1 N
H2SO4

0.5 N
H2SO4

0.1 N
HNO3

0.5 N
HNO3

1N
HNO3

1.5 N
HNO3

0.01
M
CaCl2

Straw
As

Grain
As

Mean 7.59 0.98 1.38 1.33 1.67 2.89 0.72 4.26 0.30 1.14 0.97 1.42 0.11 3.63 0.41

Median 7.69 0.95 1.31 1.12 1.44 2.56 0.52 4.11 0.15 0.99 0.82 1.40 0.08 3.11 0.44

Minimum 6.72 0.61 0.53 0.31 0.46 0.69 0.00 1.95 0.01 0.24 0.21 0.42 0.01 1.75 0.20

Maximum 7.96 1.37 3.38 4.11 4.82 6.61 4.36 7.62 2.91 2.87 2.84 3.24 0.55 11.13 0.59

Standard
Deviation

0.27 0.20 0.60 0.86 0.82 1.12 0.76 1.42 0.50 0.65 0.58 0.65 0.09 2.05 0.12

Variance 0.07 0.04 0.36 0.75 0.68 1.26 0.58 2.03 0.25 0.42 0.33 0.42 0.01 4.20 0.01

Kurtosis 1.62 -0.94 0.53 4.56 5.54 1.99 14.0 0.08 21.2 1.68 2.54 0.74 12.9 5.07 -0.97

Skewness -1.05 -0.08 3.38 2.07 2.04 0.98 3.20 0.76 4.27 1.40 1.51 0.82 3.01 2.24 -0.26

*All the value of As extracted by different extractants is in mg kg− 1 including straw and grain As ; As = arsenic

Thus in this study, the same ratio of soil and extractant was chosen for the extraction of soil As which reflects the bioavailable form of As in soil. In metal
contaminated soils, bioavailable fractions of metal extracted with 0.05 M EDTA, a well-established extraction procedure where 1:10 soil-to-solution ratio and
shaking time of 1 hr was selected which reflected an easily extractable pool of metals. With this analogy, 1 hr shaking time was selected for extraction of soil
As (Quevauviller, 1998). Compared to other extractants, H3PO4 and H2SO4 have higher extractability of soil As, which may be due to their ability to extract As
from different fractions such as non-specifically and specifically sorbed fractions (Datta et al., 2018). Another reason may be that due to its higher acidity and
chelation capacity, it dissolves metal oxides and releases As from them. In another study extraction of specifically sorbed As, different salts of phosphate
such as NaH2PO4, NH4H2PO4, and KH2PO4 were employed. The higher extractability of phosphatic salts was also reported by Raj et al. (2021). The basis of

extraction of this fraction is the competitive exchange between phosphate (PO4
3−) and arsenate (AsO4

3−) in soils, where arsenate is preferentially desorbed to
phosphate given its smaller size and higher charge density (Wenzel et al. 2001; Cai et al. 2002).
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Evaluating the suitability of extractants with ICP-MS for As determination
In this study we evaluated NaHCO3,CaCl2, H3PO4, HNO3, and H2SO4 extractable soil As in various concentrations concerning plant As and their compatibility
with ICP-MS. Literature suggested that using NaHCO3-based matrix for determination of As with ICP-MS are not advisable due to high TDS. In ICP-MS, a
sample with a total dissolved solids (TDS) concentration of less than 0.2% (2 g/L) is typically advised to curtail sample-specific matrix effects and the risk of
nebulizer clogging (Wilschefski and Baxter, 2019). The problem with CaCl2 is the presence of chloride. The existence of chloride (Cl) in final prepared samples

leads to polyatomic ions 40Ar35Cl and 35Cl16O formation in a smaller concentration of As in samples and hamper its determination in ICP-MS. Thus an acid-
based extractant may be a suitable option for As determination in ICP-MS. Further, some studies suggested that due to higher viscosity and variation in
surface tension of H3PO4 and H2SO4, changes in droplet size distribution and nebulization efficiency reduce the signal intensity in ICP-OES (Yoshimura et al.,
1990). For this reason, H3PO4 and H2SO4 have not been suitable extractants for As determination by ICP-MS. Another potential extractant is HNO3, which was
evaluated in concentration viz. 0.1 N, 0.5N, 1.0 N, and 1.5 N. Their results revealed that 1.5 N HNO3 with soil-to-solution ratio (1:10) and shaking time 1 hr had
a better correlation with grain and straw As content. A larger concentration of HNO3 was not evaluated because a high concentration of acids may cause
problems in instruments; reports suggested that a high concentration of HNO3 reduces signal intensity in ICP-OES (Yoshimura et al., 1990).

Most researchers prefer the HNO3 matrix for the determination of elements in ICP-MS due to its strong oxidizing ability, high solubility of nitrates after
dissociation of HNO3, and relative lack of chemical and spectral interferences as compared to acids containing Cl, S, F, or P (Gaines, 2011). Nitric acid is

compatible with ICP-MS and a strong oxidizing agent that dissociated into hydrated H+ and NO3
−. In our examined soils, As was mostly linked with

amorphous Fe and Mn oxides so that an increase in acidity enhances the extractability of HNO3. The As extraction efficiency significantly varied with HNO3

concentrations. In the absence of acid or alkali, a control experiment revealed only around 3% extraction, meaning that the majority of As extractions are
attributable to acid or alkali extraction. However, strong acids like HClO4 only extract 51% of total As at 10% of acid concentration (Alam and Tokunaga, 2006).
When HNO3 is used as extractant for soil As it creates a problem in the redox conversion of inorganic As species because it converts arsenite into arsenate
under an oxidizing environment. Therefore, it will not be suitable for a speciation study in soil. Alam and Tokunaga (2006) argued that extraction of arsenite
abates to 0.4% with increasing concentration of HNO3 from 5.0–40%. A higher concentration of nitric acid was not used because it extracts As from other
pools that are not available for plant uptake in immediate effects, and may reduce signal intensity during determination.

Correlation among soil properties, soil extractable As, and plant As
For this purpose, a total of 201 samples were analyzed, and a correlation was drawn among all the parameters (Table 3). A significant positive correlation was
observed among pH, 0.1 N H3PO4 (r = 0.16*) and 0.5 N H3PO4 (r = 0.17*) extractable As. Meanwhile no significant positive correlation was observed with pH
and H2SO4, HNO3, CaCl2 extractable As, and plant As. The OC had a significant negative correlation with 0.1 N HNO3 (-0.16*) and grain As content (-0.10*)
while other extractants and plant As did not attain a level of significance. Sodium bicarbonate (1:20) exhibited a significant positive correlation with NaHCO3

(1:5) (0.54**), 0.1 N H3PO4 (0.59**), 0.5 N H3PO4 (0.47**), 0.5 N H2SO4 (0.48**), 0.1 N HNO3 (0.14*), 0.5 N HNO3 (0.42**), 0.01 M CaCl2 (0.18*) extractable As,
straw (0.66**) and grain As (0.53**) (Table 3). Sodium bicarbonate (1:5) extractable As had a significant positive correlation with all extractants as well as
grain and straw As content. However, a relatively lower correlation was observed with grain and straw As content when compared to NaHCO3 (1:20) (Table 3).
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Table 3
Correlation among soil properties, extractable As, straw and grain As content (N = 201)

  pH OC % NaHCO3
(1:20)

NaHCO3
(1:5)

0.1 N
H3PO4

0.5N
H3PO4

0.1 N
H2SO4

0.5 N
H2SO4

0.1 N
HNO3

0.5 N
HNO3

0.01 M
CaCl2

Straw
As

Grain
As

 

pH 1                          

OC % 0.01 1                        

NaHCO3
(1:20)

0.11 0.01 1                      

NaHCO3
(1:5)

0.09 0.01 0.54** 1                    

0.1 N
H3PO4

0.16* -0.10 0.59** 0.55** 1                  

0.5N
H3PO4

0.17* -0.07 0.47** 0.52** 0.66** 1                

0.1 N
H2SO4

0.06 0.10 0.11 0.214** 0.28** 0.12 1              

0.5 N
H2SO4

0.12 0.02 0.48** 0.48** 0.46** 0.54** 0.09 1            

0.1 N
HNO3

0.03 -0.16* 0.14* 0.21** 0.42** 0.13 0.25** 0.1 1          

0.5 N
HNO3

0.03 0.03 0.42** 0.40** 0.55** 0.36** 0.33** 0.29** 0.28** 1        

0.01 M
CaCl2

0.11 -0.09 0.18* 0.27** 0.29** 0.14* 0.20** 0.23** 0.28** 0.26** 1      

Straw As 0.01 -0.04 0.66** 0.51** 0.65** 0.40** 0.13 0.34** 0.34** 0.50** 0.24** 1    

Grain As 0.12 -0.10 0.53** 0.22** 0.28** 0.16* 0.08 0.19** 0.11 0.28** 0.25** 0.33** 1  

* Correlation is significant at the 0.05 level

** Correlation is significant at the 0.01 level

A significant positive correlation with all the extractants, straw, and grain As was recorded with 0.1 N H3PO4, this extractant had a comparable correlation with
NaHCO3 (1:20) extractable As and straw As but a poor correlation was observed with grain As content. A relatively poorer correlation was observed with all the
extractants, straw, and grain As content for 0.5 N H3PO4 extractable As. Arsenic extracted with 0.1 N H2SO4 was positively correlated with 0.1 N, 0.5 N HNO3,

and 0.01 M CaCl2 extractable As but did not attain a level of significance with straw and grain As content (Table 3). Arsenic extracted with 0.1 N HNO3 and 0.5
N HNO3 wielded a significant positive correlation with straw and grain As content but did attain a higher level of correlation in comparison to NaHCO3 (1:20)
(Table 3). Arsenic extracted with 0.01 M CaCl2 was significantly correlated with grain As (0.25**) content and straw As content (0.24**). A further 38 samples
were selected based on NaHCO3 (1:20) extractable As and analyzed with a higher concentration of HNO3 viz. 1.0 N and 1.5 N with the objective of finding out
if a higher concentration of HNO3 is better correlated with grain and straw As content. The result indicated that all the extractants had a better correlation with
grain and straw As content (Table 4). Results revealed that 1.0 N HNO3 had a better correlation with straw (0.70**) and grain (0.34**) As content than As
extracted with a smaller concentration of HNO3 (0.1 N and 0.5 N HNO3) (Table 4).
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Table 4
Correlation among soil properties, extractable As, straw and grain As content of selected samples (N = 38)

  pH OC % NaHCO3
(1:20)

NaHCO3

(1:5)

0.1 N
H3PO4

0.5N
H3PO4

0.1 N
H2SO4

0.5 N
H2SO4

0.1 N
HNO3

0.5 N
HNO3

1N
HNO3

1.5 N
HNO3

0.01
M
CaCl2

Straw
As

Grain
As

pH 1.00                            

OC % 0.18 1.00                          

NaHCO3
(1:20)

0.09 -0.21 1.00                        

NaHCO3
(1:5)

0.25 -0.26 0.50** 1.00                      

0.1 N
H3PO4

0.10 -0.28 0.55** 0.72** 1.00                    

0.5N
H3PO4

0.09 -0.15 0.46** 0.53** 0.71** 1.00                  

0.1 N
H2SO4

0.12 0.08 0.53** 0.25 0.38* 0.25 1.00                

0.5 N
H2SO4

0.09 -0.08 0.35* 0.56** 0.47** 0.37* 0.17 1.00              

0.1 N
HNO3

0.14 -0.25 0.29 0.59** 0.64** 0.25 0.48** 0.36* 1.00            

0.5 N
HNO3

0.14 -0.16 0.49** 0.27 0.32* 0.25 0.40* 0.30 0.10 1.00          

1N
HNO3

0.10 -0.37* 0.58** 0.68** 0.71** 0.44** 0.11 0.64** 0.34* 0.40* 1.00        

1.5 N
HNO3

0.14 -0.28 0.86** 0.55** 0.63** 0.42** 0.47** 0.43** 0.41** 0.55** 0.77** 1.00      

0.01 M
CaCl2

0.04 -0.28 0.20 0.40* 0.57** 0.28 0.42** 0.30 0.76** 0.04 0.27 0.27 1.00    

Straw
As

0.12 -0.32 0.64** 0.70** 0.89** 0.57** 0.50** 0.42** 0.68** 0.50** 0.70** 0.71** 0.55** 1.00  

Grain
As

0.02 -0.27 0.47** 0.15 0.49** 0.20 0.43** 0.08 0.27 0.35* 0.34* 0.45** 0.34* 0.41* 1.00

* Correlation is significant at the 0.05 level

** Correlation is significant at the 0.01 level

With increasing concentration of HNO3 it was evident that 1.5 N HNO3 result strongly suggested that a better correlation with grain (0.45**) and straw (0.71**)
As content was observed. 1.5 N HNO3 extractable As was better correlated with 0.5 N NaHCO3 (1:20) extractable As (0.86**) (Table 4). Thus 1.5 N HNO3 may
function as a suitable extractant for soil As which is compatible with ICP-MS analysis. Howver, it should be noted that this extractant needs to be evaluated in
diverse soil orders and conditions. Partial regression analysis of the selected 38 samples suggested that 0.5 N NaHCO3 (1:20) extractable As explains 41%
variability in straw As content while 0.5 N NaHCO3 (1:5) extractable As explains 49% variability (Fig. 2a). Other extractants like 0.1 N H3PO4, 0.5 N H3PO4, 0.1 N
H2SO4, 0.5 N H2SO4, 0.1 N HNO3, 0.5 N HNO3, 1.0 N HNO3, 1.5 N HNO3 and 0.01 M CaCl2 extractable explain 79%, 32%, 25%, 18%, 46%, 28%, 48%, 51% and
30% variability in straw As content, respectively (Fig. 2a and 2b).

The corresponding values for grain As content were 23%, 2.1%, 24%, 4.0%, 18%, 1.0%, 10%, 11%, 12%, 20% and 11%, respectively (Fig. 3a and 3b). Step-wise
multiple regression equation analysis suggested that straw arsenic content was better predicted when combining two acids with the concentration of 0.1 N
H3PO4 and 1.5 N HNO3 (Fig. 3b-f). Giri et al. (2012) reported that a positive correlation between available As and pH may be due to a reduction in As5+

adsorption with rising pH above 8.5 while the reverse trend was observed in the case of As3+. When an increase soil organic carbon occurred, As extracted with
different extractants fell and this may be due to the presence of humic acid that binds As. Organic matter can compete with As for sorption sites in soil, and
dissolved organic matter can also inhibit As sorption to soil particles through redox reactions and the formation of soluble complexes with As (Kumar et al.,
2021; Mahimairaja et al., 2005). There was a positive correlation among different extractants indicating that more or less all the extractants extract As from
comparable pools.

Conclusions
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The extractants to remove bioavailable As from soil is 0.5 N NaHCO3 (1:20) but it is not compatible with ICP-MS estimation of As due to its high salt content.
This study evaluated soil properties, different acids and salt extractants, and their correlation with plant As content. Arsenic extracted with most common
extractant 0.5 N NaHCO3 (1:20) was 1.45 mg kg− 1 while 1.5 N HNO3 extractable As was 1.42 mg kg− 1. A more or less similar amount of As is extracted from
soil by both extractants. Further correlation analysis revealed that pH has a positive correlation while OC content has a negative correlation with grain and
straw As content. A relatively higher correlation was observed with grain and straw As content with 0.5 N NaHCO3 (1:20), followed by 1.5 N HNO3. The highest
correlation was observed between 0.5 N NaHCO3 (1:20) extractable As and 1.5 N HNO3 extractable As. Nitric acid is relatively compatible with ICP-MS. Thus,
1.5 N HNO3 may be used as a suitable extractant for extracting bioavailable As and subsequent estimation in ICP-MS.
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Figures

Figure 1

Sampling location (In Nadia District of West Bengal; only for illustration purposes)

Figure 2

A. Relationship between straw As and (a) 0.5 N NaHCO3 (1:20)-As (b) 0.5 N NaHCO3(1:5)-As (c) 0.1 N H3PO4-As (d) 0.5 N H3PO4-As (e) 0.1 N H2SO4-As (f)
0.5 N H2SO4-As ; (N= 38) B: Relationship between straw As and (a) 0.1 N HNO3 -As (b) 0.5 N HNO3 -As (c) 1.0 N HNO3 -As (d) 1.5 N HNO3 -As (e) 0.01 M
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CaCl2-As; (N= 38)

Figure 3

A. Relationship between grain As and (a) 0.5 N NaHCO3 (1:20)-As (b) 0.5 N NaHCO3 (1:5)-As (c) 0.1 N H3PO4-As (d) 0.5 N H3PO4-As (e) 0.1 N H2SO4-As (f)
0.5 N H2SO4-As; (N= 38) B: Relationship between grain As and (a) 0.1 N HNO3 -As (b) 0.5 N HNO3 -As (c) 1.0 N HNO3 -As (d) 1.5 N HNO3 -As (e) 0.01 M CaCl2-
As (f) Relation between observed As and As derived from stepwise linear regression equation; (N= 38)


