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Toward a more realistic estimate of exposure to chromium
and nickel in soils of geogenic and/or anthropogenic origin:
importance of oral bioaccessibility

Madeleine Billmann - Aurélie Pelfréne - Corinne Hulot - Arnaud Papin -
Benjamin Pauget

Abstract

To enhance risk assessment for contaminated sites, incorporating bioavailability through
bioaccessibility as a corrective factor to total concentration is essential to provide a more realistic
estimate of exposure. While the main in vitro tests have been validated for As, Cd, and/or Pb, their
potential for assessing the bioaccessibility of additional elements remains underexplored. In this
study, the physicochemical parameters, pseudototal Cr and Ni concentrations, soil phase
distribution, and oral bioaccessibility of twenty-seven soil samples were analysed using both the ISO
17924 standard and a simplified test based on hydrochloric acid. The results showed wide variability
in terms of the concentrations (from 31 to 21,079 mg kg™ for Cr, and from 26 to 11,663 mg kg™* for
Ni) and generally low bioaccessibility for Cr and Ni, with levels below 20% and 30%, respectively.
Bioaccessibility variability was greater for anthropogenic soils, while geogenic enriched soils
exhibited low bioaccessibility. The soil parameters had an influence on bioaccessibility, but the
effects depended on the soils of interest. Sequential extractions provided the most comprehensive
explanation for bioaccessibility. Cr and Ni were mostly associated with the residual fraction,
indicating limited bioaccessibility. Ni was distributed in all phases, whereas Cr was absent from the
most mobile phase, which may explain the lower bioaccessibility of Cr compared to that of Ni. The
study showed promising results for the use of the simplified test to predict Cr and Ni bioaccessibility,
and its importance for more accurate human exposure evaluation and effective soil management

practices.
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3.1.1. Introduction

Anthropogenic sources are releasing an increasing amount of potentially toxic elements (PTEs) into
the environment as a result of increasing industrialization and urbanization (Lwin et al., 2022).
Because of these multiple sources in soils, such as industrial activities, mining, and the use of
pesticides and fertilizers, PTEs have become a growing public health concern worldwide (Ayangedenro
& Babalola, 2017; Kumar et al., 2022). However, there are also many areas with a high geochemical
background which people live without known adverse effects, probably due to the low mobility and
bioavailability of PTEs (Barsby et al., 2012; Fernandez-Caliani et al., 2020; Juhasz et al., 2007).
Chromium (Cr) and nickel (Ni) are two PTEs that are widely distributed in soils. These PTEs are needed
in small amounts for biological functions but can have adverse effects on human health, such as
damage to the respiratory, digestive, and nervous systems if the exposure dose is too high (ATSDR,
2012a, b). The ingestion of soil particles is one of the main contamination pathways, especially for
children who are more likely to engage in hand-to-mouth behaviour (Dudka and Miller 1999). There
is now a consensus that using total (or pseudototal) concentrations can lead to an overestimation of
exposure (Badaahmadifooladi et al., 2020; Mehta et al., 2019; Wang et al., 2023; ...) and can lead to
high management costs and overly stringent restrictions for local residents (Zhong and Jiang 2017).
Indeed, only the bioavailable fraction can lead to adverse effects. It corresponds to the fraction of the
contaminant that reaches systemic circulation after dissolution from the soil matrix in gastric juice
and absorption by the intestinal epithelium (Semple et al., 2004). However, the measurement of oral
bioavailability requires in vivo experiments (e.g., piglets, mice, and monkeys), which are lengthy,
expensive, and ethically questionable. Bioaccessibility (BAc) corresponds to the fraction of
contaminants in soil that are dissolved by digestive fluids and represents the maximum amount that
can reach systemic circulation and produce toxic effects (Paustenbach 2000). Numerous in vitro tests
have been developed to simulate this dissolution step (e.g., PBET, Ruby et al., 1996; SBRC, Kelley et
al., 2002; Method 1340, US EPA, 2017; SBET, Medlin, 1997; IVG, Rodriguez and Basta, 1999; DIN, Hack
et al., 2002; UBM; Denys et al., 2012; I1SO 17924, 2019; RIVM, Oomen et al., 2003).

Many studies have shown the importance of taking bioavailability into account by measuring BAc
rather than pseudototal concentrations to avoid risk overestimation. As and Pb, and to a lesser extent
Cd, are the most widely studied PTEs in the literature and most in vitro tests have been validated
relative to in vivo models for them (Li et al., 2019). However, other PTEs, such as Cr and Ni, are also of
interest since studies in the literature have shown that the BAc of Cr and Ni was mostly less than 20%
for Cr and less than 30% for Ni (Billmann et al., 2023; Bourliva et al., 2021; Ding et al., 2014; Gu et al.,
2016; ...). Moreover, the presence of Cr and Ni in soils is often associated with health risks due to their

occurrence in numerous legacy sites.



Among in vitro tests showing the maximal in vitro in vivo criteria, the unified bioaccessibility method
(UBM) has been validated for As, Cd, and Pb (Denys et al., 2012; Li et al., 2019) and is also standardized
(ISO 17924, 2019). The UBM test is therefore considered a reference method £e for assessing the oral
BAc in many countries, especially in Europe. Previous work (Pelfréne et al., 2020) was conducted to
develop a simplified test based on extracting PTEs with an HCl solution for predicting the BAc of As,
Cd and Pb. This test is simpler, faster and can be used in screening to obtain a first approximation of
BAc.

This paper presents an investigation of the BAc of Cr and Ni in 27 soil samples from different
geographical origins (metropolitan France and French overseas departments, Belgium, Greece, and
Northern Ireland), PTE sources (anthropogenic and; geogenic), and contexts (e.g., industrial, mining,
and urban) over a wide range of concentrations and soil physicochemical parameters. The aim of this
work was to highlight the importance of measuring the oral BAc of Cr and Ni to assess more realistic
population exposure and health risks. More specifically, the BAc of Cd and Ni was estimated using
both the UBM and simplified HCl tests. Specific attention was given to the contamination origin,
physicochemical soil parameters, PTE phase distribution and geochemistry, which were assessed to

understand how BAc is affected by these parameters.

3.1.2. Materials and methods
3.1.2.1. Soil sample collection and characterization of soil parameters

A total of 27 soil samples were collected in the same way at 13 different contaminated sites located
in metropolitan France, its overseas departments and Europe. These sites have different uses, origins,
and sources of contamination (Table 16). These samples also included a wide range of physicochemical
parameters and concentrations of Cr and Ni. For each site, a composite topsoil sample was constituted
and sent to the laboratory where all soil samples were prepared using soft techniques (oven drying at
40 °C and then sieving to 2 mm). A portion was then sieved to 250 um using a sieve shaker (AS200
Control, Retsch).

The pseudototal concentrations of PTEs were obtained by acid digestion with aqua regia (6 mL HCI
and 2 mL HNOs) added to 0.4 g of soil, dried and sieved to 250 um in a closed microwave oven (NF
13657) and determined by inductively coupled plasma with optical emission spectrometry (ICP OES,
Agilent). The limits of quantification averaged 5 ug L for Cr and 10 pg L for Ni. Unlike hydrofluoric
acid mineralization (determination of total concentration), aqua regia does not dissolve silicates;
therefore, only the pseudototal concentration can be determined. Triplicates were made for each soil
sample. The soil pH was measured in a mixture (1:5, v/v) of 2 mm sieved matrix and water (NF I1SO

10390). The total carbonate content (CaCOs) of the <250um soil fraction was determined via the



volumetric method (NF ISO 10693). The method consists of quantifying the release of CO, produced
by the reaction between carbonates present in the soil sample and hydrochloric acid. Assimilable
phosphorus, expressed as P,Os, was cold extracted from the 2 mm sieved matrix according to NF
X31161. Organic matter (OM) was determined in the <250 um soil fraction with the NF ISO 10694
standard (i.e., determination of organic carbon by dry combustion). The exchangeable bases (EBs) Na*,
K*, Ca** and Mg?* were determined in the <250 um soil fraction by saturation of the binding sites with
a barium chloride solution of 0.1 mol L™%. The cation exchange capacity (CEC) was determined after
the extraction of EBs by saturation with a known amount of magnesium sulfate (0.02 mol L) and by
measuring the excess Mg. Single extraction with a mixture of solutions (0.111 mol L™ sodium
bicarbonate, 0.267 mol L™! sodium tricitrate, and 200 g L™* sodium dithionite) was performed on the
250 um soil fraction to extract free Fe, Mn, and Al oxides (i.e. oxides not bonded to silicates) (Mehra
and Jackson, 1960). The EBs, Mg and oxide concentrations were measured using an atomic absorption
spectrometer (AAS, AA-6800 Shimadzu). Blanks and certified materials were run in each series to
control the quality of the analysis. For the pseudototal concentrations, the SRM NIST2710a was used

as a certified material and the recovery averaged 91% for Cr and 132% for Ni.

3.1.2.2. Chemical extraction methods
Sequential chemical extraction

Cr and Ni fractionation was estimated using a three-step sequential extraction procedure
recommended by the Standard Measurement and Testing Program (SM&T) of the European
Community, formerly BCR (Rauret et al., 2000). The fractions F1, F2, F3, and F4 were defined as (a)
exchangeable, water- and acid-soluble (0.11 mol L acetic acid), (b) reducible (0.5 mol L*
hydroxylammonium chloride), (c) oxidizable (8.8 mol L™ H,0,, followed by 1.0 mol L™ ammonium
acetate at pH 2), and (d) residual (aqua regia), respectively. Each suspension was mixed in a
mechanical horizontal shaker for 16 hours. Sequential extraction methods were used to assess PTE
association and distribution with the different solid phase components in soils and to provide
knowledge on PTE affinity to the soil components and the strength with which they are bound. Soil
samples were digested in successive extraction solutions to mobilize element fractions with
decreasing mobility and availability. The first step was targeting the PTEs contained in the soil solution,
carbonates and exchangeable PTEs. These PTEs are considered readily mobile and bioavailable (F1).
The second and third steps involved targeting the PTEs occluded in Fe, Mn and Al oxides and
hydroxides (F2), or complexed with OM and sulfides (F3). The PTEs bound to these compounds are
generally less available, depending on the soil matrix and the strength of the interaction between the

PTE and the compounds. The final step consisted of targeting the PTEs contained in the residual



fraction (F4), which is the least readily available fraction because it corresponds to the remaining share
of PTEs bound to nonsilicate compounds (Zemberyova et al., 2006). BCR CRM 701 was used as
standard reference material. The sum of recoveries of the reference material extraction steps was

between 76 and 103% of the pseudototal concentrations for Cr and Ni.

In vitro oral BAc measurements of Cr and Ni

The BAc of Cr and Ni in the soil samples (dried and sieved to < 250 mm particle size) was assessed first
using the UBM, which is a validated and standardized in vitro extraction method (Unified
Bioaccessibility Method; ISO 17924; Denys et al., 2012). The test consisted of two parallel sequential
extractions and provided samples for analysis from both the gastric (G) and gastrointestinal (Gl)
phases. The fluids used in this protocol consisted of organic and inorganic reagents with a composition
close to that of human digestive fluid (Pelfréne et al., 2020) and were prepared one day before the
extractions were performed. Triplicates were made for each sample in both the gastric and
gastrointestinal phases. This measurement was performed on a mass of 0.6 g of soil to which 9 ml of
saliva fluid was added, followed by 13.5 ml of gastric fluid. The pH of the suspension was then adjusted
to 1.20 + 0.05 by adding HCI (37%). After end-over-end shaking at 37 °C for 1 hour, the G phase was
obtained by centrifuging the suspension at 4,500 xg for 5 minutes. The intestinal fraction was
measured by adding a liquid simulating intestinal digestive fluid, i.e., 27 ml of duodenal solution and
9 ml of bile solution. The pH of the suspension was adjusted to 6.3 £+ 0.5 by adding NaOH (10 M). The
suspension was then homogenized at 37 °C for 4 hours and centrifuged as before. The resulting
supernatants were acidified and analysed by inductively coupled plasma mass spectrometry (ICP MS)
to determine the bioaccessible PTE concentrations in both phases. Quality control was based on the
use of blanks and the NRC-CNRC PACS-3 reference material. The BAc of the PTEs was expressed in mg
kg ! and as a percentage of the pseudototal concentration. The limits of quantification were 0.19 pg
L't for Crand 0.13 pg L for Ni on average.

In the second approach, a simplified test based on simple extraction with diluted HCI (Pelfréne et al.,
2020), developed to predict the oral BAc of As, Cd, and Pb in both the G and Gl phases, was carried
out on 27 soil samples to measure the extractable concentrations of Cr and Ni. For HCI extraction,
0.03g of soil was weighed in triplicate and placed in polypropylene tubes before adding 25 mL of the
HCl solution (0.65% v/v). The tubes were then placed in an ultrasonic bath (Elmasonic $120,
Grosseron, France) for 15 min at room temperature. To mimic digestion, the tubes were placed in a
thermostatic chamber for 1 h at 37 °C before being filtered (0.45 um of porosity). The extractable
concentrations of Cr and Ni were measured by ICP MS. The data were log-transformed to improve the

distribution and linearity of the linear regression between the concentrations extracted by the UBM



test and the HCI test. Quality control was based on the use of blanks and the PACS-3 reference
material. The extractable fractions of PTEs determined by the HCI test are expressed in mg kg™ and
in% of pseudototal concentrations. The limit of quantification was 0.4 pg L for both elements on

average.

3.1.2.3. Chemical speciation of Cr

Chromium speciation was determined by Cr(VI) determination via alkaline digestion and ion
chromatography with spectrophotometric detection (NF 1SO 15192). Cr(Vl) was measured
spectrophotometrically at 540 nm after postcolumn derivatization with 1,5-diphenylcarbazide (DPC)
in acidic solution. To verify the accuracy of the method, the following quality controls were performed:
(i) analysis of a sample in duplicate to check the accuracy of the method; (ii) doping of the sample with
Cr(Ill) to check the absence of possible oxidation processes; and (iii) doping of the sample with soluble
Cr(VI) to check the absence of possible reduction processes. The Cr(lll) content is the difference

between the pseudototal and Cr(VI) concentrations.

3.1.2.4. Statistical analysis

Statistical analysis of the data was performed using XLSTAT 2022.1.1 (Addinsoft). Spearman
correlation was performed to study the influence of soil parameters on bioaccessibility and significant
correlations at the 0.05 level are highlighted. Spearman's nonparametric statistical test is used to test
the effect of one quantitative variable on another and to detect a trend of any form. This test
determines whether the two variables are related. The Wilcoxon—-Mann—Whitney Rank Sum two-sided
test (U test) was performed to study the difference between anthropogenic (n=19) and naturally
enriched (n=8) soils according to Cr and Ni BAc (G and Gl phases), and soil physicochemical parameters
and their soil phase distributions and significant differences between the variable means at the 0.05

level are highlighted and presented in SM1.

3.1.3. Results and discussion
3.1.3.1. Physicochemical properties of the soil

The pseudototal concentrations of Cr and Ni and the physicochemical parameters of the 27 soil
samples are presented in Table 1. The pseudototal concentrations varied from 26 to 11,663 mg kg™
for Ni and from 31 to 21,079 for Cr. The speciation of Cr was assessed, and the Cr (VI) concentrations

varied from <0.1 (LQ) to 1,012 mg kg™, which corresponds to a range from 0.02 to 13.5% of the



pseudototal concentrationss; this indicates that Cr was mostly found in the +3 oxidation state which
corresponds to its cationic form. The physicochemical parameters showed relatively high variability,
highlighting the wide heterogeneity of the soils. The soil pH varied from acidic (5.1) to basic (9.3).
These soils also contained wide ranges of total carbonates, organic matter (OM) and assimilable
phosphorus (P,0s) contents, from <0.1 to 516 g kg™, 1 to 27%, and <6 to 2,383 mg kg™ respectively.
The CEC was between 2 and 104 cmol+ kg™, which indicates the number of cation sites (e.g. Crlll and
Ni%*) retained. The exchangeable bases (EBs) measured were Ca*, Mg*, Na*, and K* and were between
2-101, 0.1-20, 0.01-0.12 and 0.1-1.3 cmol+ kg2, respectively. The concentrations of Fe, Al and Mn
oxides were determined to be between 4,776-87,280, 170 -15,863 and 18-6,896 mg kg™,
respectively. The role of oxides is very important, as certain associations, such as Cr(lll) with Mn-
oxides, can induce oxidation to Cr(VI) (Garnier et al., 2013). The diverse soil characteristics make these

sites ideal for studying the links between PTE BAc, soil characteristics and PTE properties.

3.1.3.2. Cr and Ni solid-phase distribution in the soils studied

The results for the solid-phase distribution of Cr and Ni in the soil samples are shown in Figure 1, and
SM1 presents the differences between the mean distributions in anthropogenic and geogenic soils.
Figure 1la shows the general solid-phase distribution of Cr and Ni among the four fractions, while
Figure 1b shows the specific distribution in each soil, differentiating the soil origin. Values are
expressed as the percentage of pseudototal concentrations for each PTE.

Cr was mainly present in the residual fraction (Figure 10), with 29 to 96% of the Cr bound to F4 (mean
69%). Cr tended to be more prevalent in F3 (3-55%; mean 23%) than in F2 (0.1-29%; mean 8%). Cr
was virtually absent in F1 (< 1.5%). When comparing the Cr distribution in soils with anthropogenic
and geogenic PTE origins (Figure 10), a similar distribution pattern was shown for both sources, where
most Cr was found in F4 and virtually no Cr was found in F1. However, the proportion of Cr bound to
F2 and F3 was significantly lower, and the Cr bound to the residual fraction was greater in Cr-enriched
soils (F2: 2%; F3: 12%; and F4: 86%) than anthropogenically contaminated soils (F2: 11%; F3: 27%; and
F4:61%) (SM1). As the contamination of these soils was not very recent, it is possible that the absence
of Cr in F1 may be the result of rapid leaching of Cr after its release into the environment, before it
had time to pass into the less mobile phases.

Ni was also mainly present in the residual fraction F4 (Figure 10), with values ranging from 26 to 96%
(mean 64%). Ni was more likely to be found in F2 (2-51%; mean 23%) than in F1 (0.3-24%; mean 5%)
or F3 (1-42%; mean 11%). When comparing the Ni distribution in soils with anthropogenic and
geogenic PTE origins (Figure 10), a similar distribution pattern was shown for both origins, where most

Ni was found in F4. However, the proportion of Ni bound to F1 and F2 was significantly lower, and the



Ni bound to the residual fraction was greater in geogenic soils (F2: 6%; F4: 84%) than in anthropogenic
soils (F2: 25%; F4: 56%) (SM1).

In contrast to Cr, Ni was found in all estimated fractions. Since fractions F1 and F2 were more easily
solubilized, it can be assumed that Ni was more available than Cr. Mendoza et al., (2017) reported
similar distributions in suburban soils, where Cr was mainly present in the residual fraction (F4) or in
the oxidable fraction (F3) and was absent from the soluble (F1) and reducible (F2) fractions;
additionally, Ni was mainly found in F4 followed by F3, and to a lesser extent in F2 (0-15%), and F1
(0-5%). These results provided a general idea of the distribution, but they were not precise, as the
recovery was not always 100%. This is in accordance with a study of Zemberyova et al., (2006), in
which it was shown that the recovery was lower for Cr and Ni than for other PTEs with the BCR method

on Slovak reference material soils.

3.1.3.1. Cr and Ni in vitro oral bioaccessibility

The distributions of Cr and Ni BAc (min, max and mean values expressed in % of pseudototal
concentrations) in the soils studied in comparison to the data from the literature are presented in
Table 16. Only BAc measured with the UBM was selected for a relevant comparison, as it has been
shown that BAc ranges can vary depending on the in vitro test used (e.g., Kierulf et al., 2022; Li et al.,
2019; Oomen et al., 2002; ...). However, it is important to note that bioaccessibility ranges can also
vary depending on the source of contamination, the context of use or the soil matrix. Figure 11

presents the BAc values for each soil sample studied while differentiating their origin.



Table 16. Soil parameters, pseudototal concentrations of Cr and Ni, and speciation of Cr for the 27 soil samples

Country Information / ID Cr tot Cr Vi Nitot | pHsii| CaCOs| OM P20s CEC Ca Mg Na K I:-e '.M IYIn

Uses oxides oxides oxides
mg kg? gkg*| % | mgkg? cmol+ kg™ mg kg™

Belgium ';?'t‘zta””rg'cal B1 374 <01 238 | 78| 516 | 4| 975 | 18 15 21 012 06| 34670 560 724

Former steel MF1 2,902 404.1 41 8.4 21 10 50 28 27 0.5 0.03 0.6 9,606 378 81

site MF2 424 6.5 79 8.2 390 20 59 32 30 0.6 0.02 0.6| 15,224 463 99

Spoil tip MF3 2,758 13.4 2,044 9.3 34 5 67 34 28 55 0.07 0.3] 12,325 891 717

. MF4 653 <0.1 26 6.0 <0.1 12 <6 23 20 1.8 0.03 0.7| 11,379 518 412

Chrome plating

plant MF5 12,175 745.8 122 7.7 1 3 <6 22 21 0.7 0.00 0.3 5,908 170 61

MF6 21,079 1011.9 349 8.2 15 4 <6 25 24 0.6 0.02 04| 12,213 235 107

MF7 775 1.7 281 7.1 72 23 94 35 33 1.7 0.02 1.0| 55,945 1573 251

MF8 1,220 0.7 1,790 7.6 51 17 36 55 53 1.2 0.01 0.8| 33,413 458 654

Metropolitan France | Urban MF9 717 0.9 830 7.3 17 18 53 56 54 1.3 0.02 0.9]| 23,760 866 606

wasteland MF10| 1,019 <0.1 447 6.9 6 23 <6 47 43 25 002 1.2| 41,703 1547 387
MF11| 1,901 <0.1 959 6.9 3 19 380 50 47 1.9 0.02 0.7| 78,354 687 1,168

MF12| 1,020 1.1 850 6.4 18 13 390 43 40 21 0.03 09| 13,633 780 630

MF13| 1,887 1.0 2,067 7.1 262 21 121 46 43 24 0.01 0.8| 38,843 602 665
Industrial site MF14 157 1.3 51 9.1 90 7 317 51 37 138 0.09 0.3| 10,918 467 1,497

MF15 31 1.6 283 7.5 148 1 46 10 10 0.1 0.03 0.2 5,185 354 24

WWTP sludge MF16 42 <0.1 451 7.3 4 6 1,143 18 17 0.7 002 04 4,776 223 46

Slag heap MF17 378 0.1 22 7.9 34 12 2,383 80 76 29 004 1.2 4,926 636 18

Urban area MF18 159 2.5 44 7.8 83 7 1,173 36 33 1.6 006 1.1| 12,927 599 312

France DROM Geogenic FD1 347 <0.1 312 5.8 5 27 7 10 6 41 0.08 0.3| 38,246 15,659 667

(Reunion) FD2 346 <0.1 60 5.1 77 23 <6 2 2 0.1 0.03 0.2| 87,280 15,863 454
France DROM (New Geogenic FD3 18,494 1195 11,663 6.2 <0.1 13 <6 3 2 0.6 003 01| 17,344 667 6,896
Caledonia) FD4 15,523 17.7 7,974 6.3 34 18 <6 15 11 43 0.07 0.2 23,434 3870 3,832

Greece Geogenic GR1 786 4.8 1,732 7.5 1 7 7 48 28 196 0.08 0.6| 11,636 218 621
serpentine GR2 886 1.0 2,356 6.8 2 12 25 37 16 20.0 0.04 1.0| 13,403 584 1,094
Northern Ireland Geogenic NI1 522 7.4 264 5.2 3 18 11 25 19 46 0.18 0.7| 53,370 5,151 1,109

basalt NI2 502 0.9 385 6.3 3 34 107 104 101 1.8 0.25 1.3| 32,166 8,410 37

CaCOs: Calcium carbonate; OM: organic matter; P20s: assimilable phosphorus; CEC: cation-exchange capacity; WWTP: wastewater treatment; <x: below the quantification
limit; B: Belgium; MF: metropolitan France; FD: France DROM; GR: Greece; and NI: northern Ireland)
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Figure 10. a, b Fractionation of Cr and Ni (expressed in% of pseudototal concentration) in comparison to the pseudototal concentrations (expressed in mg
kg™1) in the 27 soils

(F1: exchangeable, water- and acid-soluble fraction, F2: reducible fraction, F3: oxidizable fraction, F4: residual fraction; B: Belgium; MF: Metropolitan France; FD: France
DROM; GR: Greece; and NI: northern Ireland)



Table 17. Bioaccessibility (expressed in % of the pseudototal concentrations) measured in our study in comparison to the data from the literature for Cr and
Ni assessed by the UBM test.

Cr (%) Ni (%)
G Gl G Gl

Reference n min max mean min max mean min max mean min max mean
Our study 27 0.06 80.2 10.0 0.04 4.6 1.2 1.2 58.3 16.7 0.8 44.7 12.8
Barsby et al., (2012) 91 0.4 54 1.1 0.4 4.4 1 1.4 43.8 12.1 0.6 14.5 5.5
Bourliva et al., (2021) 34 0.5 2.8 1.4 0.3 1.8 0.5 6 15 10 6 12 9
Broadway et al., (2010) 27 0.8 31.4 5 0.1 12.6 nd nd nd nd nd nd nd
Fernandez-Caliani et al., 5 2 8 4.6 1 3 1.8 1 20 17 11 19 14.9
(2019)
Fernandez-Caliani et al., 10 nd 1 0.7 nd 1 0.5 nd 10 6.8 nd 10 6.8
(2020)
Mehta et al., (2019) 3 1 6 2.7 nd nd nd 5 21 12.5 nd nd nd
Mehta et al., (2020) 3 3 7 43 nd nd nd 12 48 28.6 nd nd nd
Palmer et al., (2014) 145 0.03 5.4 13 nd nd nd 1.4 46.3 15.2 nd nd nd
Qin et al., (2016) 2 nd 4 nd nd 4 nd nd 30 nd 15 30 nd
Rézanski et al., (2021) 36 nd nd 5.8 nd nd 3.7 nd nd 23.5 nd nd 6.1
Wragg et al., (2017) 27 3 31 7.6 nd nd nd nd nd nd nd nd nd
Zhong and Jiang (2017) 10 nd nd nd nd nd nd 8.6 54.4 24.2 7.7 171 12.6

G: gastric phase; Gl: gastrointestinal phase; and nd: not determined.
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Figure 11. Bioaccessible fractions of Cr and Ni (mean and standard deviation values expressed in % of
pseudototal concentrations; n = 3) in the gastric (G) and gastrointestinal (Gl) phases in comparison to
the pseudototal concentrations (expressed in mg kg™)

B: Belgium; MF: Metropolitan France; FD: France DROM; GR: Greece; and NI: northern Ireland)

Chromium

The BAc of Cr ranged from 4 to 638 mg kg™t in the G phase and from 1 to 188 mg kg™t in the Gl phase.
Expressed in % of the pseudototal concentrations, the mean values of BAc of Cr during the G phase
were 10% and decreased to 1.2% in the Gl phase. The Cr in the study soils was mostly Cr(lll), which
corresponds to the cationic form (Table 16). With the exception of the MF17 soil, which had a BAc of
80% in the G phase, our results are consistent with the findings of the literature on the percentages

of BAc (Table 17). The soils studied were also differentiated according to their geogenic or



anthropogenic origin to determine whether this parameter affects BAc (Figure 10), and differences in
means were analysed and are shown in SM1. In geogenic soils, the BAc of Cr in the G phase was 1.7%
on average, and that in the Gl phase was 0.6%. In anthropogenic soils, the BAc of Cr in the G phase
was 13% on average, and in the Gl phase it was 1% on average. Globally, Cr BAc was significantly lower
for geogenically enriched soils than for anthropogenic soils (SM1).

In our study, the BAc of Cr was always greater in the G phase than in the Gl phase. The BAc in the Gl
phase was very low, which means that almost all the Cr solubilized in the G phase precipitated,
complexed or readsorbed, which was the result of the increase in the pH of the solution, which
changed from acidic to neutral (Fernandez-Caliani et al., 2019). The same partition was also observed
by other studies when the UBM test was used (Table 17). However, for other in vitro tests (e.g., SBRC
and PBET), a higher Cr concentration was sometimes observed in the Gl phase than in the G phase
(Karadas et al., 2011; Mendoza et al., 2017; Pereira et al., 2020). Indeed, various in vitro methods
influence bioaccessibility (Billmann et al., 2023; Kierulf et al., 2022). For other tests, the pH in the Gl
phase was adjusted to 7, which is slightly greater than that for the UBM test (pH Gl = 6.3) and could
therefore influence the behaviour of a redox-sensitive PTE such as Cr. The higher the pH of the
environment in which Cr is found, the more likely it is that redox equilibrium will lead to the formation
of Cr(VI), which could explain the higher BAc in the Gl phase of the tests in which the pH was adjusted
to 7. These differences could also be linked to variations in the digestive fluid compositions of in vitro
tests. It is possible that the more complex composition of the Gl phase in the UBM test was
responsible for this much greater Cr readsorption than in the other in vitro tests with fewer
constituents in the Gl phase.

The influence of the pseudototal concentration, Cr(VI) content, soil physicochemical parameters and
distribution among soil phases on Cr and Ni BAc was analysed by Spearman correlation, and the rank
correlation coefficients (r) are presented in Table 3. A second Spearman correlation was performed
to separate anthropogenic from geogenic enriched soils, and the results are shown in the
supplementary material (Table SM1). When correlations are carried out on smaller samples (e.g. when
anthropogenic and geogenic soils are analysed separately), it is important to remain cautious and not
overinterpret correlations. Nevertheless, these correlations can still provide information on trends,

insofar as the Spearman test correlations are significant (p<0.05).



Table 18. Spearman correlation between BAc Cr and Ni (G and Gl phases), soil physicochemical
parameters and their distributions (n = 27)

crG Cr Gl Ni G Ni G|
cr 049  -047  -028  -0.26
Ni | -056  -0.40  -037  -0.32
crvi -031 026  -019  -0.08
pH 0.48 0.21 0.60 0.65
P,0s 0.57 0.27 0.49 0.46
CaCOs 0.60 0.16 0.57 0.59
MO -006  -006 _ -0.40  -0.50
CEC 0.26 0.03 0.15 0.13
Ca* 0.36 0.14 0.21 0.17
Mg* -010  -026  -011  -0.09
Na* -0.05  -007  -024  -021
K* 0.29 0.09 0.19 0.13
Fe oxides -0.19 -0.13 -0.37 -0.43
Aloxides -0.08  -025  -039  -045
Mn
oxides | -0.46  -036  -0.39  -0.37
F1 0.46
F2 0.59
F3 0.53 0.53 0.55 0.53
F4
F1+F2 0.59

F1+F2+F3 0.62
The blue colour indicates a negative correlation, the orange colour indicates a positive correlation, and the

values in bold are significant at the 0.05 level. F1: exchangeable, water- and acid-soluble fractions, F2: reducible
fraction, F3: oxidizable fraction, F4: residual fraction; and F1+F2 and F1+F2+F3 are the added percentage
extraction PTE in each fraction.

Considering all 27 soils, a negative correlation was found between pseudototal Cr and bioaccessible

Cr in both phases (G: r = -0.49; Gl: r = -0.47, p < 0.05; Table 3). This negative correlation can be
explained by the mostly low Cr BAc, particularly for highly contaminated soils such as geogenic soils
or anthropogenic soils such as MF3, MF8 and MF13. Indeed, the negative correlation was much
greater when considering only geogenic enriched soils (G: r = -0.81; Gl: r = -0.74, p < 0.05) (Table
SM1), which is consistent with studies showing that the bioaccessibility of geogenic PTEs tends to be
low (Barsby et al., 2012; Fernandez-Caliani et al., 2020; Juhasz et al., 2007). Moreover, soils MF14,
MF17 and FM18 (anthropogenic sources) had high G BAc and among the lowest pseudototal
concentrations which could be responsible for the negative correlation with anthropogenic soils (G:
r =-0.56, p < 0.05) (Table SM1).

The Spearman analysis only revealed the influence of the soil parameters on the BAc of Cr in the G
phase (Table 3). In the Gl phase, Cr BAc was always <4%, which might explain why the influence of
the soil parameters was limited, and no correlation was detected. The BAc of Cr in the G phase was

positively correlated with soil pH, P,Os and CaCOs (Cr G: r = 0.48; r = 0.57; r = 0.60, p < 0.05). The



influence of soil pH and CaCOs; might be linked because a high soil pH often also indicates a higher
CaCOs content. As the pH of the extraction solution is adjusted to 1.2 with HCl in the G phase, a high
soil pH and CaCOs content indicates that more HCl needs to be added to adjust the pH of the solution.
As carbonates are easily dissolved in the acidic environment of the G phase, the Cr contained inside
is released, and the Cr becomes more bioaccessible. Considering all soils, the results showed that a
high P,0s concentration induced a greater BAc; this is in accordance with a study by Li et al., (2017),
in which they observed an increase in As BAc when phosphate was added, demonstrating that
phosphate can influence BAc, but more research is needed to confirm this positive correlation. Among
the analysed oxides, only the Mn-oxide content had a negative influence on Cr BAc in the G phase (G:
r =-0.46, p < 0.05) (Table 18), whereas oxides are normally known to represent retention sites that
limit BAc. The influence might be diluted by other mechanisms, such as stronger affinities for with
other soil components. The study of the mineralogy though Xray diffraction (XRD) analysis might help
to better understand the interactions between Cr and the different types of oxides as seen in a study
by Cox et al., (2017).

Considering all the soils, no significant correlation between the Cr(VI) content and bioaccessible Cr
(%) was detected (Table 3). Because many of them contained less than 1 mg of Cr(VI) kg™, a second
Spearman correlation was carried out considering only the 11 soils containing a Cr(VI) concentration
greater than 1 mg kg™ (data not shown). It is important to recognize the weakness of this study
resulting from the insufficient sample size, which makes it impossible to draw definite conclusions. It
does, however, raise the possibility of future studies. The results showed that the Cr(VI) content
seemed to have an influence on bioaccessible Cr, especially in the Gl phase where the positive
correlation was significant (r = 0.87, p < 0.05). The acidic environment of the G phase may favour the
reduction of Cr(VI) to Cr(lll) (Broadway et al., 2010). The freshly reduced Cr(lll) in the G phase could
become more bioaccessible in the Gl phase than the original Cr(lll), which may form more stable
complexes or absorb on soil matrix compounds. Even if the solution pH increases to 6.3 in the Gl
phase, the Eh-pH diagram shows that at this pH, only a small amount of Cr(VI) should be formed again
as the redox potential must be at least 0.6 to favour the oxidation of Cr(lll) to Cr(VI) (Hlihor et al.,
2009).

Among the parameters that can explain Cr BAc, the distribution by sequential extraction can help to
better clarify the soil physicochemical parameters. As seen before, the general distribution of Cr in
the four fractions of the sequential extraction order was ranked as follows: F4 >> F3 > F2 >> F1. For
geogenically enriched soils, the low BAc could be explained by the high Cr content found in the
residual fraction F4; this is consistent with the negative correlation found between the F4 fraction and
bioaccessible Cr in both fractions (Cr G: r = -0.93; Gl: r = -0.86, p < 0.05) (Table SM1). However, for

anthropogenically contaminated soils, the distribution in F4 was not always consistent with that of Cr



BAc in the G phase (Table SM1). In MF1, MF2, MF4, MF8, MF9, and MF13, Cr had a low BAc (< 10%),
even if Cr was not mostly located in the residual fraction. In those soils, Cr was mostly found in F3
bound to oxidizable compounds, as most Cr was in the Cr(lll) oxidation form, which can form strongly
stable complexes with the carboxyl group in OM (Stewart et al., 2003); this could explain the low BAc.
Considering all soils, when comparing the patterns of distribution (Figure 10) and BAc (Figure 11),
bioaccessible Cr seemed to be related to its distribution in F2 and, to a lesser extent, in F3. This finding
is consistent with the positive correlations found between bioaccessible Cr and F2 (G: r=0.59; Gl: r =
0.74, p < 0.05) and F3 (G: r = 0.53; Gl: r = 0.53, p < 0.05) (Table 18). Bioaccessible Cr was probably
associated with reducible soil compounds, i.e., Fe/Mn oxyhydroxides and oxidable soil compounds,
i.e., organic matter.

The highest BAc was observed in MF17, with a percentage of 80% in the G phase, whereas 81% of Cr
was contained in the F4 fraction which generally corresponds to the least mobile fraction. In the Gl
phase, BAc decreased to 0.2%. This soil sample was characterized by the highest content of P,Os (Table
1). Phosphate compounds might be dissolved in the acidic G phase, and at higher pH in the Gl phase,
the dissolved phosphate could precipitate with dissolved PTEs, explaining the wide variation in
bioaccessibility between these two phases (Gron and Andersen, 2003). The inconsistency between
the high Cr BAc in the G phase and the main distribution in the residual fraction can be explained by
the difference in acid used in the sequential extraction protocol: acetic acid (0.11 M) and the
hydrochloric acid used to adjust the pH (1.2) in the bioaccessibility tests. As hydrochloric acid is
stronger than acetic acid, it is possible that the extractants used in the sequential extraction are not
strong enough to solubilize the Cr in the soil and that only mineralization (F4) was able to extract the
Cr from the soil matrix. In fact, this inconsistency may reflect the limitations of sequential extraction
methods including a lack of efficiency and selectivity of extractants, readsorption or precipitation of
target species after mobilization, and changes in the valence of redox-sensitive target species during
extraction. Indeed, sequential extractions provide operationally defined speciation data that generally
reflect trends and major differences in PTE speciation among different soils but do not necessarily
provide accurate estimates of concentrations of the various target species. Inconsistencies have
already been observed in comparison to Cr speciation studies using synchrotron X-ray techniques

(Elzinga et al., 2010).

Nickel

The bioaccessible concentrations of Ni (Figure 11) ranged from 1 to 431 mg kg™ in the G phase and
from 1 to 412 mg kg™* in the GI phase. Expressed in % of the pseudototal concentrations, the mean
values of the BAc of Ni during the G phase were 17% and decreased to 13% in the Gl phase (Figure 11,

Table 17). In the geogenic soils, the average BAc Ni content in the G phase was 4% and that in the Gl



phase was 3%. In anthropogenic soils, the average BAc of Ni in the G phase was 23% and that in the
Gl phase was 17%.

For all soils, the BAc of Ni was not dependent on the pseudototal concentration (Table 18) but was
positively correlated with soil pH, P2Os and CaCOs (Ni G: r=0.60; r =0.49; r =0.57; Ni Gl: r = 0.65; r =
0.46; r =0.59, p < 0.05) and negatively correlated with OM (Ni G: r = -0.40; Ni Gl: r = -0.50, p < 0.05).
The same influence of OM was observed in a study by Palmer et al., (2013). This can be explained by
the retention of the cationic element on negatively charged OM sites (Cempel and Nikel, 2006). No
correlation was found for Cr indicating that Ni might have a greater affinity for OM than Cr in its
cationic form. For Cr, the influence of soil pH and CaCO3; might be linked and a high P,0s could be
responsible for a higher BAc, however, further research needs to be conducted on the influence of
phosphorus on BAc. All analysed oxides were negatively correlated with Ni BAc in both phases (Table
18). Indeed, oxides are known to represent good retention sites for PTEs. When considering
anthropogenic and geogenic enriched soils, virtually no correlation was found between Ni BAc and
soil parameters except for OM in geogenic soils (G: r = -0.76; Gl: r = -0.95, p < 0.05) (Table SM1); this
emphasizes that the influence of soil parameters is highly complex and can vary from one study to
another and from one source of contamination to another.

Usually, divalent metallic cations, such as Cd and Pb, are extracted more in the G phase and have a
tendency to reprecipitate, reform complexes or readsorb in the Gl phase (Ellickson et al., 2001).
However, in some soils, the BAc of Ni in the G phase was equal to that in the Gl phase (Figure 11), e.g.,
B1, MF1, MF2, MF3, MF5, MF14 and MF15. MF12 and geogenic enriched soils also seem to have equal
Ni extracted in G and Gl but as bioaccessibility is very low in these soils, it is difficult to determine
whether the difference is significant. To more thoroughly clarify the mechanisms behind this partition,
relationships with the soil physicochemical parameters were studied by considering the ratio between

the BAc of Ni in the G phase and that in the Gl phase (Table 19).

Table 19. Spearman correlation between the BAc G/BAc Gl ratio and soil physicochemical
parameters

Fe Al Mn

PH P05 CaCO;  OM CEC Ca Me Na K oxides oxides oxides

BAc

Ni(G/GlI) -0.62 001 -034 0.63 021 021 010 0.00 0.39 0.44 0.51 0.11

The BAc G/BAc Gl for Ni was negatively correlated with soil pH (r = -0.62, p < 0.05) and positively
correlated with OM, K+ and Fe- and Al-oxide contents (r = 0.63, r = 0.39, r = 0.44 and r = 0.51,
respectively, p < 0.05). The BAc of Ni in the G and Gl phases tended to be equal in soils with higher soil
pH and lower OM and Al-oxide contents. It can be assumed that a higher soil pH can induce the

addition of more HCI to adjust the pH to 1.2 in the G phase, which could promote the formation of



soluble NiCl, complexes in the Gl phase rather than insoluble complexes with soil matrix compounds.
Another hypothesis is that there might be competition with other cations or compounds (salts) in the
Gl fluids making the readsorption, precipitation or complexation more complicated. Indeed, the Ni
adsorption affinity on oxides was weaker than that for Cr and Pb (Young et al., 2013), and both PTEs
had high concentrations in studied soils (Table 10).

Among the parameters that can clarify Ni BAc, the distribution can help provide a better
understanding in addition to soil physicochemical parameters.The order of the distribution of Ni in
the four fractions was ranked as follows: F4 >> F2 > F3 > F1. Similar to Cr, the globally low BAc could
therefore be explained by the high Ni content found in the residual fraction; this is consistent with the
significant negative correlation found between F4 and bioaccessible Niin both phases (Ni G: r = -0.85;
Gl: r =-0.85, p < 0.05) (Table 18). Considering geogenically enriched soils, bioaccessible Ni was best
explained by F1+F2 (G: r = 0.76; Gl: r = 0.95, p < 0.05) (SM1), indicating that bioaccessible Ni was
associated with exchangeable and reducible compounds. However, in anthropogenically
contaminated soils, bioaccessible Ni seemed to be less elucidated by its association with F2 reducible
compounds than by its association with F1 and F3 (F1 G: r =0.69; Gl: r = 0.65; F2 G: r = 0.70; Gl: r =
0.64, p < 0.05) (Table SM1). Depending on the origin of the contamination, the associations seemed

to differ slightly.

Comparison of Cr and Ni

When a distinction is made between soils of geogenic and anthropogenic origin (Figure 10), it appears
that Cr and Ni BAc were generally lower for soils with naturally occurring PTEs (SM1). This is explained
by the high proportion of Cr and Ni found in the residual fraction compared to the other fractions and
the many immobilization mechanisms over time, as shown by several studies on BAc (Barsby et al.,
2012; Chu et al., 2022; Ding et al., 2022; Fendorf et al., 2004; Ljung et al., 2007; Rinklebe and Shaheen,
2017, Stewart et al., 2003; Young et al., 2013). For anthropogenically contaminated soils, the
association of Cr and Ni with the more mobile fractions (F1, F2 and F3) was more pronounced,
explaining the tendency towards higher BAc (Figure 10). However, considering the different sources
among anthropogenic soils (i.e., urban wastelands, industrial sites, and mining areas), the limited
number of available samples did not allow us to identify the influence of the source on bioaccessibility.
As most soils studied were industrial, the comparison with the other contexts was therefore not
particularly relevant because it was not necessarily representative. However, a meta-analysis by
Kierulft et al., (2022) revealed that Cr had greater G phase BAc in industrial and urban soils than in

mining, agricultural or rural soils.



In the present study, the BAc of Cr and Ni was generally low, and both in the literature and in this study,
Cr tended to be less bioaccessible than Ni (Figure 11; SM2). Indeed, the sequential extraction showed
that Ni tended to be present in more easily available fractions (e.g., F1, F2) than Cr (Figure 10). This is
consistent with a study by Cox et al., (2017), in which an analysis of the mineralogy showed that Ni was
more widely dispersed within the soils, with a proportion of pseudototal Ni found in more easily
soluble compounds (carbonates and weathering products: secondary iron oxides and precursor clay
minerals) when Cr concentrations were principally related to noneasily solubilized compounds (e.g.
recalcitrant chrome spinel and primary iron oxides).

In our study, only a few correlations between soil matrix compounds and BAc were established and
varied according to the contamination origin. Similar results were observed in a study by Rdézanski et
al.,, (2021). A previous literature review showed that BAc seems to be site dependent. The influence of
a single soil parameter or statistical model mostly differs from one study to another (Billmann et al.,
2023). Soil matrices are complex, and many reactions can occur within them. Soil compounds can
influence the bioaccessibility of Cr, Ni, and each other. In addition, the PTEs present can modify the

bioaccessibility of other PTEs by competing with each other for adsorption sites.

3.1.3.4. Evaluation of the ability of the single-extraction method with HCl to predict the BAc of Cr

and Ni
Because a previous study showed the efficiency of using HCI (0.65%) in a first-tier screening to predict
the BAc of As, Cd, and Pb in both the G and Gl phases (Pelfréne et al., 2020), this single extraction
method was assessed for Cr and Ni. The study of the correlation between the HCl concentration and
the UBM for Cr and Ni provided additional information on a validated and standardized method (UBM
for As, Cd, and Pb) or on methods in progress (HCl) to begin extending their fields of use to these two
PTEs. Figure 12 presents the results obtained for the extractable concentrations of Cr and Ni by HCl in
comparison with the pseudototal concentrations. The extractable Cr and Ni concentrations ranged
from 6 to 1,531 mg kg™ and 2 to 829 mg kg?, respectively, and the extractable percentages of the
pseudototal Cr and Ni concentrations ranged from 0.1 to 87% and 2 to 79% respectively. The
extractable concentrations of Cr and Ni by HCI were slightly greater than those for the UBM G phase,
but globally, both patterns were similar. The relationships between the extractable concentrations of
Cr and Ni by using the UBM in the G and GI phases and those by HCl were investigated and are
presented in Figure 13. The best relationships were for Ni in both phases (G: R? = 0.96 and Gl: R? =
0.94). In the G phase, the relationship for Cr was also good (R? = 0.93), but in the Gl phase, the
relationship was weaker (R? = 0.45). Ni has & cationic behaviour, similar to that of Cd and Pb, in which

the HCI test also had a good relationship with the UBM test (Pelfréne et al., 2020). Cr BAc in the Gl



phase was low compared to that in the G phase due to several processes of complexation,
precipitation, and readsorption in the higher pH environment of the intestinal compartment. Indeed,
the acidic environment with this single extractant could explain the poor relationship between the
extractable concentrations of HCl and the UBM Gl phase. This poor correlation was mainly due to two
soil samples (MF7 and MF17). Indeed, when these two points were removed, the relationship was
much better with an R? value of 0.80, because the amount of extracted Cr in the Gl phase was
practically <1 when the amount of extracted Cr in the G phase was 211 and 303 mg kg™ and the
amount of extracted Cr with HCl was 357 and 329 mg kg™ for FM7 and FM17, respectively. FM7 was
characterized by a high OM content (23%) and high iron-oxide content (56 g kg™). FM17 was
characterized by a high P,0s (2.4 g kg™!) content, high CEC and exchangeable Ca* (80 and 76 cmol+
kg?, respectively). No distinguishable differences were found between the physicochemical
parameters of the analysed soils. Qian et al., (2024) showed that in the G phase, the transformation
of Cr(VI1) to Cr(lll) could be the main process, while in the Gl phase, the precipitation of Cr(lll) could
dominate the transformation. The low Cr BAc in the Gl phase could be explained by strong

reprecipitation due to increased solution pH.



100000

10000

1000

100

Cr mg kg™’

10

100000

10000

1000

Ni mg kg

100

10

1% |7%

2
18%

9% 9%

2%

28% 2 %@
159 32%
179
D5%
™ ~
i L
= =

7%

4% 42/u3%
-
—
[T
=
=

9%

11%

40%

4%

" MF14

87%
219

48%

MF15
MF16
MF17

MF18

0.1%0.1%

1% 2%
3% 6%

5% 5%

2%

AN MO T~ N — N
afaRaWaRORCER
Wiy Wiy Vg I

Figure 12. Extractable concentrations of Cr and Ni by HCl (expressed in mg kg™ and%) in comparison

with the pseudototal concentrations (expressed in mg kg™?)



Cr Ni

1000 + 1000
Logyp (y) = 0.92 log,e(x) - 0.08 Logp (y) = 1.02 logyg(x) - 0.20
- R2=093 _ R?= 0.96 b
2 e
= 100 | o 100
£ £
2 2
-] -]
o 10 o 10
5] & z
1 T T T 1 1 T 1
1 10 100 1000 10000 1 10 100 1000
Cr HCI ma ka™’ Ni HCI mg kg™
1000 - 1000 -
Logyg (v) = 0.62 logyo(x) - 0.34
- R2 =045 o ngm (y) = 1.07 logsq(x) - 0.42
2 100 | ----- Total lati o - R2=0.94
_;) otal population © 100 | o0
£ B o
= 10 £
o Logia (¥) = 0.8110g1o(x) - 0.58 = 4q oo
= R2=0.80 2 2
o . Without FM7 and FM17 =
Pl 1 @ (O] fo)
O [ ] = 14
° 1 15 100 1600 10600 01 ‘ '
Cr Hel kg 1 10 100 1000
ratimgkg Ni HCI mg kg™

Figure 13. Relationships between extractable concentrations of Cr and Ni by the UBM in the gastric
(G) and gastrointestinal (Gl) phases and those by HCI. All extracted concentrations are expressed in
mg kg™
Table 20 summarizes the regression models for Cr and Ni predicting bioaccessible concentrations in
the G and Gl phases from extractable concentrations by HCI. At first glance, this simplified test seems

promising for predicting the BAc of Cr and Ni in both phases (to a lesser extent Cr in Gl) and needs to

be reinforced with a larger number of soil samples.

Tableau 20. Regression models for Cr and Ni representing bioaccessible concentrations with the
UBM in the gastric (G) and gastrointestinal (Gl) phases as a function of extractable concentrations by
HCl

Element n Phase Equation R
Cr 27 G log10[Cr]uem = 0.92 log10[Cr]sc—0.08  0.93
27 Gl log10[Cr]uem = 0.62 log10[Cr]hc—0.34  0.45
25 Gl log10[Cr]uem = 0.81 log10[Cr]uc—0.56  0.80
Ni 27 G log10[NiJugm = 1.02 log10[Ni]sc —0.20  0.96

27 Gl log10[NiJugm = 1.07 log10[Ni]uc — 0.42 0.94




3.1.4. Conclusion

This paper presents an investigation of the oral BAc of Cr and Ni in 27 soil samples collected from
various sites, including those of anthropogenic and geogenic origins, as well as from different
environmental contexts, such as industrial, mining, and urban areas, and revealed a wide range of
concentrations and soil physicochemical parameters. The results indicated that the BAc values of Cr
and Ni were generally low, with values below 20% and 30%, respectively. BAc tended to be more
variable for anthropogenic soils, whereas for geogenically enriched soils, BAc was always very low.
Among the various soil parameters analysed in our study, factors such as soil pH, assimilable
phosphorus, carbonates, organic matter, and oxides influenced the BAc of Cr and/or Ni. It is worth
noting that these influencing parameters may vary from one study to another, as indicated in the
literature. The influence of soil parameters is obvious, but distinguishing the influence of each
parameter is very complicated because they may themselves be correlated. The distribution of Cr and
Ni within the various soil-bearing phases revealed that these elements were predominantly associated
with the residual fraction, which largely explains their limited BAc. Aside from the residual fraction, Cr
was primarily found in the oxidizable fraction and was absent in the acid soluble fraction. In contrast,
Ni was more prevalent in the reducible fraction and was distributed across all the fractions in the
anthropogenically contaminated soils. Compared with physicochemical parameters, sequential
extractions offered a more comprehensive explanation for BAc. However, for certain specific soils,
mineralogical studies are recommended as a complement to overcome the limitations of sequential
extraction. This study is of interest for assessing the potential use of the simplified HCl test as a first
approach to predict the BAc of Cr and Ni in both phases. The results obtained for these 27 soil samples
are very promising, although further research is required to refine the applicability of these results to
a larger soil population and, more specifically, for certain Cr-contaminated soils. Globally, the results
emphasize the importance of assessing the oral BAc of Cr and Ni to better assess human exposure,

refine risk and adopt more effective soil management practices.
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