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Respiratory bioaccessibility and solid phase partitioning of potentially harmful elements in urban

environmental matrices

Abstract

Studies regarding the role of geochemical processes in urban environmental matrices (UEM) and their influence
on respiratory bioaccessibility in humans are scarce in humid tropical regions, especially in Brazil. Contaminated
UEM are potentially hazardous to humans if particles < 10 pm in diameter are inhaled and reach the
tracheobronchial region. In this study, we evaluated samples collected in Brazilian UEM with a large
environmental liability left by former mining industries and in a city with strong industrial expansion. UEM
samples were classified into soil, sediment and mine tailings according to the characteristics of the collection sites.
The respiratory bioaccessibility of potentially harmful elements (PHE) was evaluated using artificial lysosomal
fluid (ALF, pH 4.5), and the BCR-sequential extraction was performed to evaluate how the respiratory
bioaccessibility of the PHE was related to the solid phase partitioning. The bioaccessible fraction (BAF) ranged
from 54 - 98% for Cd; 21 - 89% for Cu; 46 - 140% for Pb, 35 - 88% for Mn and; 41 - 84% for Zn. The average
BAF of the elements decreased in the following order: Soil: Cd> Pb> Mn> Zn> Cu; Tailing: Pb> Cd> Zn> Mn>
Cu; and Sediments: Pb> Mn> Cd> Zn> Cu. BCR-fractions were useful to predict the PHE bioaccessibility (R? =
0.79 — 0.98), thus suggesting that particle geochemistry and mineralogy can influence PHE behaviour in the
pulmonary fluid. Therefore, this approach provides a combination of quantitative and qualitative data, which
allows us to carry out a more realistic assessment of the current situation of the potentially contaminated site and

possible alternatives for decision-making by the stakeholders.

Keywords: Artificial lysosomal fluids; human inhalation exposure; < 10 um particulate matter; mineralogy;

sequential extraction
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Highlights

Artificial lysosomal fluid - ALF can estimate the respiratory bioaccessibility of PHE
The solid phase distribution provided insights into behaviour of PHE in ALF
The bioaccessibility varied with the geochemical and mineralogical characteristics

In vitro methods should become part of HHRA procedures
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1. Introduction

In the urban environment, potentially harmful elements (PHE) have several sources, such as soils,
household dust, vehicular traffic and industrial activity. Urban soils can be a sink of a substantial amount of waste
products, including industrial and mining waste and particulate matter emitted by motor vehicles or industrial
chimneys whose contaminated particles can be deposited onto the superficial layers of urban soils. Such particulate
matter (PM), as fine fraction of soil or dust particles, can subsequently be carried by the wind and reach human
respiratory airways.

In the context of human health risk assessment (HHRA), exposure routes are the paths on which
contaminants can establish contact with the organism, such as ingestion, dermal contact or absorption and
inhalation (USEPA, 1989). Besides, the risk estimate should be determined for each PHE identified at the
investigated area, considering the duration of the exposure and the dose-response, that is, the probability that a
PHE has to produce adverse effects on the receptors (Jaishankar et al., 2014; Oberg and Bergbick, 2005).

The risk associated with human exposure to PM can be based on the assumption that inhalation will be
the main route reached (Tong et al., 2019; Zhang et al., 2014) either during indoor or outdoor activities. PM is
classified into two categories, PM;o = aerodynamic diameters <10 um and PM> 5 = aerodynamic diameters < 2.5
pm (USEPA, 2016). According to Kastury et al. (2017), PM10 has a higher risk via inhalation as it can reach the
tracheobronchial and alveolar region.

PM o and PM, 5 can be suspended in the air for long periods of time, e.g. the PM;, can be suspended for
a few hours, while PM; s can remain suspended in the atmosphere for several days to weeks (Leelasakultum and
Kim Oanh, 2017) and when inhaled are deposited onto the surfaces of the respiratory system. The inhalation of
PM may pose human health in risk by causing various respiratory diseases, such as irritation of the airways,
allergic, asthma or others inflammatory reactions and fibrosis (Habybabady et al., 2018; Tong et al., 2019). PM
not removed from the body by muco-ciliary clearance, that is, the insoluble particle can be swallowed toward the
gastrointestinal tract, may reach the respiratory system becoming susceptible to solubilization by lung fluids
(Guney et al., 2016). Thus, PHE exposure risk via inhalation is related not only to the particle size, but also to the
type of solid fraction particle that can be easily solubilized in this environment.

The inhaled PM can be transported and trapped in the tracheobronchial system, and PHE bound to the
PM can be solubilized by the epithelial lining fluids or extracellular environment. The PHE may be subjected to
absorption, and/or diffused within the pulmonary system, even may bind to proteins and some cellular structures

reaching the circulatory system (Lehnert, 1990; Oberdorster et al., 2005). When a particle is not solubilized by the
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epithelial lining fluid, it can be phagocytized by alveolar macrophage (intracellular environment). The presence of
enzymes, oxygen radicals, chelating agents and low pH promotes the dissolution of a variety of substances
(Kreyling, 1992). In contrast, Galle et al. (1992)demonstrated that the opposite also might occur in the alveolar
region, since alveolar macrophages are able to concentrate and precipitate various elements inhaled, preventing
the diffusion of toxic substances into the bloodstream.

The respiratory bioavailability of PHE or organic substances has been estimated using in vivo tests with
animal models, such as rodents (Moreda-Pifieiro et al., 2011), but these models are generally difficult to reproduce,
expensive, time-consuming and have ethical constraints. The in vitro methods of respiratory bioaccessibility has
been used as a surrogate for in vitro tests. The application of lung fluids that simulate the solubilization of the
studied material (i.e., PM, dusts) in the respiratory tract and, subsequently, the elemental composition of the
leachate were evaluated by Huang et al., 2014; Julien et al., 2011 and Niu et al., 2010.

Respiratory bioavailability is the PHE concentration that crosses the barrier between air and blood
reaching the circulatory system, while respiratory bioaccessibility is the PHE concentration solubilized on the lung
fluids that lining the respiratory system, but it does not necessarily cross the air-blood barrier, that is, it is
considered potentially available to humans (Kastury et al., 2017). Molina et al. (2013) evaluated the
bioaccessibility of Zn by simulating synthetic lung fluid, mimicking the phagolysosomal fluid at pH 4.5
(intracellular environment) and the bioavailability assisted by intranasal administration of Zn (from Zn mine waste
and minerals) in rodents and observed a positive relationship between the in vivo and in vitro tests (R? = 0.86).
However, there is no standardised procedure (Calas et al., 2017; Kastury et al., 2017; Pelfréne et al., 2017) in
which in vitro methods can be compared with in vivo studies.

These tests have been used to evaluate respiratory bioaccessibility in environmental matrices: Huang et
al. (2014), Julien et al. (2011) and Niu et al. (2010) evaluated the respiratory bioaccessibility of PHE from
atmospheric particles (i.e. household air-conditioning filter dust, PM2.5, airborne particulate matter). Similarly,
Boisa et al. (2014), Drysdale et al. (2012), Guney et al. (2017), Pelfréne et al. (2017) and Wragg and Klinck (2007)
have used these tests to measure the respiratory bioaccessibility of PHE from soil; Colombo et al. (2008) and Witt
IIT et al. (2014) have assessed road dust; oxide nanoparticles have been investigated by Cruz et al. (2015) and
Zhong et al. (2017); and pharmaceutical materials have been looked at by Marques et al. (2011) and Tronde (2002).

Simulated lung fluids (SLF), as Gamble’s solution, are widely used to simulate the extracellular lung
fluids and estimate the concentration of PHE potentially available for absorption via respiratory tract (Drysdale,

2012; Wragg and Klinck, 2007). Another SLF widely used is the artificial lysosomal fluid (ALF), which simulates
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a more acidic environment (pH value of 4.5, against 7.3 for Gamble solution) and mimics the intracellular
conditions in the lungs, i.c., the particle comes into contact with the lung fluids after being phagocytosed by
alveolar and interstitial macrophages (Calas et al., 2017; Colombo et al., 2008). The presence of complexing
ligands (organic acids) and the low pH in the intracellular environment may release PHE adsorbed to oxides, since
the complexation of polyvalent cations with chelating agents (e.g. citrate acid) can increase the mobilisation of
PHE in the lung (Calas et al., 2017; Wiseman, 2015).

The SLF may alter the speciation of PHE in the solid fraction of the inhaled matrix. However, the
properties of each type of matrix can reflect on the behaviour of a PHE dissolved by the fluid lining in the
respiratory system, which led us to hypothesize that the PHE associated with more labile solid phases (soluble and
exchangeable) in the soil and those phases associated with Fe oxides or/and organic matter in fine soil particle (<
10 pum) can be released into the pulmonary tract. This highlights the importance of characterizing the mineralogy
and the solid phase partitioning of environmental matrices in conjunction with in vitro bioaccessibility tests to
have a set of quantitative and qualitative data and information to obtain more realistic estimates of risk human
health.

Mine tailings, generally, have high concentrations of PHE associated with solid particulate matter (i.e.
PM10 or PM2.5) and can be easily carried by winds or water runoff. A large volume of tailing is generated during
the ore beneficiation process and, most of the time, they are arranged in places with little or no monitoring plan
and inspection. Historical mining disasters in Brazil and worldwide still pose a threat to human and environmental
health because of the legacy of associated contaminants. In this study, we collected UEM samples from a Brazilian
city with the worst social-environmental disaster associated with mine tailings: the Santo Amaro city, located in
the State of Bahia, northeast region of Brazil. In the 1980s, a lead (Pb) smelter operated in the city, producing
approximately 900,000 tons of metallic Pb from galena (PbS) concentrate, yielding about 490,000 tonnes of Pb
tailings (CETEM, 2012). The tailings material was donated to the locals and to city hall to pave access roads,
backyards, streets and public places in the city. The material was also deposited on the soil (open air) and
contaminated groundwater and the Subaé River (de Andrade Lima and Bernardez, 2011; de Andrade and Moraes,
2013). The magnitude of the result in complex effects on the environment, and the society often does not have
adequate answers about how much and how long they directly affect the health of the exposed population.
Therefore, studies of urban soils in areas that were previously associated to some industrial activity are necessary.

Principally, for those sites that have been abandoned (commonly called, brownfields), and are contaminated or
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with suspected of contamination, because humans can be exposed directly to the soil surface and windblown
materials or dust.

In vitro bioaccessibility methods give an estimate of hazard exposure and provide a line of evidence for
HHRA. Such information can inform adequate management of contaminated land relative to the risk of population
exposure to health hazards (Cave, 2012). This study presents the results of in vitro respiratory bioaccessibility
testing of PHE (Cd, Cu, Pb, Mn and Zn) from a set of soil, tailings and sediment samples collected in three
Brazilian cities. These samples had contrasting chemical, physical and mineralogical attributes and a wide range
oftotal PHE concentrations. The influence of solid-phase partitioning on the PHE bioaccessibility was investigated
by coupling in vitro and sequential extraction methods. This is the first study involving respiratory bioaccessibility
carried out on particulates from the Brazilian urban environment. Thus, it is expected to serve as a reference or
recommendation for the use of in vitro methods as part of HHRA procedures and could help in the development

of public policies by environmental agencies and other stakeholders to evaluate potentially contaminated areas.

2. Material and Methods
2.1 Collection and sampling areas

To understand the inhalation bioaccessibility and solid phase partitioning of bioaccessible PHE within
environmental matrices (soils, sediments and mining tailings) samples of urban environmental matrices were
collected in three Brazilian cities. The selection of samples was taken at random to obtain a set of heterogeneous
samples with contrasting physical, chemical and mineralogical characteristics.

The samples were collected from the cities of Piracicaba (n = 3), the eastern region of the state of Sao
Paulo (SP), Brazil; Apiai (n = 5), Upper Ribeira Valley (SP); and Santo Amaro (n = 9), in the concave region
(Recdncavo Baiano), state of Bahia (BA), Brazil (Table 1 and Figures S1, S2 and S3 (Supplementary Material)).
In Piracicaba, soil samples were collected from Mario Telles Square, José Bonifacio Square and at the athletics
track of the Luiz de Queiroz College of Agriculture, University of Sdo Paulo, near Independéncia Avenue, one of
the busiest roads in the city (Table 1, Fig. S1). All are recreational sites in residential areas frequented by children
but are also characterized by high traffic density.

The samples from Apiai were collected from the Centre for Integrated and Multidisciplinary Studies of
Apiai (CIEM), a unit of the Mineral Resources Research Company (CPRM) of Geological Survey of Brazil,
located in the Upper Ribeira Valley Region (Table 1, Fig. S2). A Pb and silver (Ag) foundry and an old slag deposit

operated in this area (Calabougo Mill) from 1940 to 1956. The main environmental issues in this area are mineral
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dust, metallic waste and Pb slag deposits (Martins and Figueiredo, 2014). The samples were collected from five
sites: four in the CIEM area containing soil associated with Pb tailings (Fig. S2) and were classified as mining
tailing contaminated; other one was collected in the native forest near the unit and was classified as soil. The
sampling locations were selected based on a metal distribution map from a study carried out by Martins and
Figueiredo (2014).

In Santo Amaro, the identification of suitable sample collection sites was based on the “Map of soil
contamination by chemical elements in Santo Amaro da Purificagdo” (Carvalho et al., 2010). Samples were
collected from within the city perimeter, including the former lead smelter, which ceased activity in 1993 (CETEM,
2012). People who worked or lived in Santo Amaro during the operational period of the company indicated where
the slag was deposited. A total of nine samples were collected: one tailing (collected in the deactivated plant area),
four soils (samples collected in residential areas, mainly frequented by children) and four sediments (two samples
collected on the banks of the Subaé river and the other two samples collected into a street gutter and in an unpaved
road close to the plant area) (Table 1, Fig. S3). Samples classified as sediments commonly had high sand contents
(2SA and 3SA) and contained some materials possibly derived from the old Pb metallurgical (7SA and 8SA)
operations.

Each sample was composed of five subsamples collected from the 0-5 cm layer (across an area of
approximately 4 m?) using a stainless-steel shovel and thoroughly mixed to obtain approximately 5 kg of soil. The
samples were then placed in plastic bags and transported to the laboratory. The depth of 0-5 cm was chosen
because it is assumed that this is the soil layer that can be carried by the wind and thus can cause risk to human
through inhalation/ingestion pathways (Drysdale et al., 2012). The samples were air dried, sieved to <2 mm, coned
and quartered to provide a representative sample for further chemical, physical and mineralogical analyses. Each
sample was stored in plastic pots and classified according to the type of matrices: soil, sediment and tailings. This

classification was necessary to allow the evaluation of the effect of ALF solution on different matrices.
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195 Table 1. Identification of urban environmental matrices, coordinates and sites characteristics of the local collection
196  of soil, sediments and tailing matrices
#ID | Classification | City Coordinate Site
Mario Telles Square and
35PC | Soil Piracicaba 22°42.054'S | 47°40.072'W
Playground
47PC | Soil Piracicaba 22°4327"S | 47°38'52.94"W | Jos¢ Bonifacio Downtown Square
Athletics track of the Luiz de
58PC | Soil Piracicaba 22°42.850'S | 47°37.975'W Queiroz College of Agriculture
campus
3SA | Soil Santo Amaro | 12°33.111'S | 38°42.514'W Saudade Cemetery Garden
Neighbourhood Derba, residential
5SA | Soil Santo Amaro | 12°33.287'S | 38°41.675'W
area
Soccer field for children near the
6SA | Soil Santo Amaro | 12°32.406'S | 38°43.637'W
old company facilities
Garden of Municipal School Maria
9SA | Soil Santo Amaro | 12°33.651'S | 38°42.073'W
dos Anjos Salles Brasil
Native forest, next to the old
5AP | Soil Apiai 24°32.443'S | 48°49.851'W
company facilities
Subaé riverbank, next to Pedro
2SA | Sediment Santo Amaro | 12°32.804'S | 38°42.491'W
Lago School
4SA | Sediment Santo Amaro | 12°33.019'S |38°42.385'W Subaé riverbank, near the Forum
Unpaved road connecting Rui
7SA | Sediment Santo Amaro | 12°32.427'S | 38°43.632'W Barbosa Avenue and the old
facilities
8SA | Sediment Santo Amaro | 12°32.415'S | 38°43.602'W Street gutter of Rui Barbosa Avenue
Soil with slag from the landfill at
1AP | Tailing Apiai 24°32.315'S | 48°49.991'W
old company facilities
Soil with slag from the landfill at
2AP | Tailing Apiai 24°32.323'S | 48°49.909'W
old company facilities
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Soil with slag from the landfill at
3AP | Tailing Apiai 24°32.356'S | 48°49.955'W

old company facilities

Soil with slag from the landfill at
4AP | Tailing Apiai 24°32.349'S | 48°49.899'W

old company facilities

Soil with slag from the landfill at
ISA | Tailing Santo Amaro | 12°32.371'S | 38°43.855'W

old company facilities

2.2 Preparation of the samples for the in vitro test

The main interest was focused on particles with acrodynamic diameter of < 10 um because these particles
affect the tracheobronchial system and can reach the alveolar region (Boisa et al., 2014; Guney et al., 2017).
Samples for respiratory bioaccessibility testing were prepared by mechanically shaking the 2 mm size fraction
through a series of 1 mm, 500 um, 250 um, 125 pm and 63 pum (18, 35, 60, 120 and 230 Mesh) sieves for 30 min.
The resulting material was retained in a collector and stored in plastic pots prior to further separation to obtain the
10 pum fraction. All materials used were plastic, except for sieves, which were made of stainless steel, to avoid
contamination.

The separation method was adapted from Lijung et al. (2011, 2008). Approximately 40 g of the <63 pm
sub-sample was transferred to a 600 mL beaker containing 500 mL of ultrapure water (18 QM cm™). The
suspension was shaken by hand, followed by ultrasonic dispersion for 5 min (three times), allowed to stand for 10
min and filtered using a 10 um aperture nylon filter with the aid of a vacuum pump. The supernatant was transferred
to a beaker and dried at 60 °C for three days. After drying, samples were gently disaggregated using an agate pestle
and mortar, stored in plastic pots previously washed with 10% HCI and rinsed with ultrapure water.

The amount of material filtered at 10 pm varied between the samples ranged from 1 to 12 g (data not
shown). This fraction was nominated as “fine fraction” or “FF” (diameter < 10 um) to differentiate it from bulk

sample (BS), that is, the sample as a whole (< 2 mm).

2.3 Chemical and physical characterization of bulk samples (BS)

The samples were characterized as follows: pH in water (1:2.5, m/v), granulometric fractions by
densimeter, both methods described by Donagema et al. (2011); Total carbon (TC) concentration was determined
by catalytic combustion oxidation at 900°C and measured by a non-dispersive infrared sensor (NDIR) in a Total

Organic Carbon Analyzer, model TOC-L (Shimadzu), coupled in a sampler for solid samples SSM 5000A,
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Shimadzu. The determination of pseudo-total concentration of PHE was carried out in triplicate after acid
extraction assisted by a microwave according to method USEPA 3051A (1:3 HCI: HNOs, v/v) (USEPA, 2007), in
both fractions, BS (determined by optical emission spectroscopy with inductively coupled plasma (ICP-OES)) and

FF (determined by inductively coupled plasma mass spectrometry (ICP-MS)).

2.4 Determination of respiratory bioaccessibility of PHE in the soil, sediment and tailings matrices

To simulate the intracellular conditions in lung fluids, an ALF solution was prepared as described in
Pelfréne et al. (2017). For this purpose, 0.05g (£ 0.0001) of the FF was weighed in 85 mL polycarbonate centrifuge
tubes, and 50 mL of the simulated fluid (ratio - 1:1000) were added. This ratio was one of those studied by Pelfréne
etal. (2017), who observed that bioaccessibility does not depend on the soil: solution ratio from 1:1000 to 1:10000.

Samples were shaken at 37 °C on an end-over-end shaker for 24 h and centrifuged at 4500 % g for 15
min. This extraction time was chosen because Cruz et al. (2015), Pelfréne et al. (2017) and Guney et al. (2017)
have shown that it is enough for maximum dissolution of the soil PHE. The extracts were diluted 1:10 with 2%
HNOs; and transferred to polypropylene tubes and kept under refrigeration until determination in ICP MS. For each
element, the bioaccessible fraction (BAF%) for the lung compartment was calculated according to the following
equation:

ALF,
BAF (%) = ———x 100

FFpseudototal
where: ALFonc = respiratory bioaccessible PHE concentration extracted by ALF (mg kg™") and FFpseudototat

= PHE pseudo-total concentration of the fraction of < 10pm (FF) (mg kg™

2.5 Sequential Extraction

The BCR-modified method (Rauret et al., 1999) has been successfully applied in studies with several
environmental matrices such as soils, sediments and dust (Kasemodel et al., 2019; Lu and Kang, 2018; Unda-
Calvo et al., 2017; Zhao et al., 2018). The sequential extraction was performed according to Rauret et al. (1999)
in three steps. For this, 0.5 g of FF sample was weighed, instead of 1 g as described by Rauret et al. (1999), and
the solid:volume ratio maintained. This was done because of limitations in the amount of FF samples obtained
(Section 2.2). To perform sequential extraction, steps were carried out as follows:

(i) F1: the soluble, exchangeable phase (non-specifically adsorbed species) and carbonate-bounded
fraction, extracted with 20 mL of 0.11 mol L' CH;COOH and shaken for 16h on an end-over-end shaker at room

temperature;
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(i1) F2: reducible phase, i.e., bound to the Fe and Mn oxides and oxyhydroxides, extracted with 20 mL of
0.5 mol L' NH>OH.HCI and shaken for 16h at room temperature; and

(iii) F3: oxidizable fraction, i.e., bound to organic matter and sulphides, extracted with 5 mL of hydrogen
peroxide (300 mg g !, 8.8 mol L) with occasional manual shaking during 1h. The digestion was continued for 1
h at 85+ 2 ° C in a water bath to allow the sample volume to reduce to <3 ml. This step was repeated twice. Then,
25 mL of 1 mol L"! ammonium acetate (pH 2 adjusted with concentrated HNQ3) was added to the residual material
and stirred for 16h at room temperature.

All the supernatants were separated from solid sample by centrifugation for 20 min at 3000 x g and
preserved under refrigeration at 4°C prior to analysis. The residual solids were then washed with 10 ml of ultrapure
water (18 QM cm!), shaken for 15 min and centrifuged for 20 min at 3000 x ¢. The “washing” supernatants were
discarded, taking care not to discard the solid residue.

The residual fraction was calculated according to equation: F4 = FFpseudotorar (mg kg) - Z[F1, F2, F3 (mg
kg!)] (Abdu et al., 2012; Puga et al., 2016). The residual fraction is associated with the elements strongly adsorbed
to the crystalline matrix, mainly by specific adsorption, suggesting predominantly a geogenic origin (Patinha et

al., 2015).

2.6 Quality assurance and control

The determination of the PHE concentration was performed by Inductively Coupled Plasma Atomic
Emission Spectroscopy (Thermo Scientific iCAP 6300 Duo, ICP OES) for the determination of the pseudo-total
concentrations of the PHE of the BS and the PHE concentrations of the fractions of the sequential extraction.
Inductively Coupled Plasma Mass Spectrometry (Agilent 7700x, ICP MS) was used to determine the pseudo-total
and bioaccessible PHE concentrations, both from the FF samples.

For quality assurance and control, samples of standard reference material (SRM) NIST 2711a (NIST,
2009) were included in the pseudo-total (BS samples) digestion (n = 2) and a SRM BCR 723 (Road Dust) sample
was used in the pseudo-total extraction (FF samples) and bioaccessibility procedures (n = 2) (Table S1). Mean
recoveries for the selected elements in all SRMs varied from 70 - 126%, and relative standard deviations (RSDs)
for all replicates were < 10%. The analytical blanks contained PHE concentrations below the limit of quantification
(LQ): 0.005 (Cd, Cu and Mn), 0.01 (Pb), 0.05 (Zn) mg L' (ICP OES) and 0.003 (Cd and Cu), 0.03 (Pb), 0.1 (Mn),

0.004 (Zn) mg L' (ICP MS).
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All tests were performed with ultrapure water (18.2 MQ). All plastic and glassware used was washed
with Extran® detergent (3%) and rinsed with deionized water followed by soaking in 10% HCI for 24h. Finally,

all equipment was rinsed with deionized water followed by ultrapure water and placed in an oven to dry at 45 °C.

2.7 X-ray diffraction
All BS (bulk samples (< 2 mm)) were ground in a tungsten mill and sieved to < 100 pm for the

identification of the crystalline materials in the urban matrices.

The clay fraction was analysed after treatment with sodium dithionite-citrate-bicarbonate solution
(DCB) to eliminate the crystalline Fe oxides and consequently concentrated the silicates in the sample soils. The
clay samples were then treated as follows: (i) magnesium (Mg) saturation and air drying to distinguish between
the expansive and non-expansive 2:1 minerals; (ii)) Mg saturation and glycerol solvation to differentiate
vermiculites from smectites (2:1 minerals); (iii) saturation with potassium (K),air drying and heating to 110, 350
and 550 °C in a muffle to differentiate chlorite from interstratified minerals, 2:1 and 2:2 minerals and for the
destruction of 1:1 minerals, such as Kaolinite (Dixon and Weed, 1989).

The mineralogical identification was performed by X-ray diffraction (XRD) using a Philips PW 1877
diffractometer operated at a potential of 40 kV, 40 mA currents, CuKa (k = 1.54186 A), with a monochromator
for the elimination of K radiation, and step increment of one second for each 0.02° (20). The samples were

deposited on glass slides or a sampler holder and analysed in a scanning range of 3° to 65° (20).

2.8 Statistical Analyses

The SPSS Statistics 20 (SPSS Inc.) software was used for descriptive statistics and for parametric and
non-parametric tests. The non-parametric tests Kruskal-Wallis and Wilcoxon-Mann-Whitney were chosen rather
than ANOVA, because of their better applicability for small samples size (n < 30) with groups of different sizes
(Mardco, 2011). As the sample size was < 50 the Spearman correlation was used to evaluate the degree of
correlation between the variables. Simple (SLR) and multivariate (MLR) linear regression were used to evaluate
the relative impact of PHE pseudo-total concentrations and sequential extraction fractions as predictors of PHE
bioaccessibility.

The significance of the regression parameters was verified by the F-test (p < 0.05). The assumptions of
linear regression were verified by the tests of multicollinearity, homoscedasticity, normality and independent

errors (Durbin-Watson test). The MLR model was developed by the stepwise selection method. The data were log-
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transformed to normalize their distribution. The logarithmic data were again submitted to the analysis of
compliance with the assumptions of the MLR to verify whether the transformation was efficient in adapting the

variable to the violated assumption.

3. Results and discussion
3.1 Sample characterization

The chemical and physical characteristics determined in the BS (2mm) are summarized in Table 2 and in
the whole dataset in the Supplementary Material (Table S2). The pH varied from 4.2 to 7.1, wherein, soils pH had
greater variation (4.2 to 7.1) as compared to sediment (6.6 to 7.1) and tailing (5.2 to 6.6) sets. The total carbon
(TC) variation was smaller in the sediments (0.5 to 1.3%) compared to the soils (0.8 to 6.3%) and tailings (0.6 to
3.4%). The median content of clay, silt and sand were similar between the three sample types. According to FAO
(2014) textural classification the samples were classified as sand, loamy sand, sandy loam, sandy clay loam, clay
loam, sandy clay and clay.

The samples showed diverse characteristics as expected, even those samples collected from the same city.
Random sites were chosen for sampling, and the collection was carried out in the most superficial soil layer (5
cm), that is usually disturbed by anthropogenic activities. Soils from urban areas may have received various inputs
from unknown sources over the years, which may be accumulated in the first centimetres, except for the samples
classified as tailings, in which all samples were collected from old landfills slag of the galena beneficiation.

Pseudo-total concentration of PHEs in the BS and FF samples varied greatly (Fig. 1 and Table 2), with
the highest concentrations found in the samples collected in the mine tailings areas in the city of Apiai, with
concentrations > 1% for some elements, particularly Pb 8% (BS) and 6% (FF) in sample 1AP (Table S2). The
Wilcoxon test showed that the concentrations in BS and FF differed for Cu (Z =-2.58; p = 0.01) and Cd (Z = -
2.63 p = 0.009), where Cu had a higher median in FF (93.2 mg kg™!) than in BS (69.7 mg kg!), while Cd had a
higher median in BS (14.1 mg kg™!) than in FF (4.6 mg kg'!, Fig. 1, Table 2). Commonly, PHE tend to accumulated
in fine fraction probably due to the greater specific surface area that provides higher cation adsorption (Luo et al.,
2011), but the opposite was observed for Cd, mainly in the tailing samples (Table S2) in which the concentration
and distribution of PHE were not only related to tailings particle size fraction, but probably related to the
mineralogical composition as well, as phyllosilicates and Fe oxy-hydroxides (Wei et al., 2015).

Cd had the highest pseudo-total concentrations in the BS in most of samples (Tables 2 and S2). A positive

correlation was found between Cd and silt ((r = 0.671, p < 0.001) and between Cd and organic carbon (C-org) (r
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=0.486, p < 0.05) and a negative correlation between Cd and sand (r = -0.547, p < 0.05) in the BS samples (data
not shown). This infers that the Cd concentrations could be directly related to silt size (63 to 2 um). The occurrence

of components from organic matter could serve as silt particle coating and generate Cd adsorption sites.

Table 2 Chemical and physical characterization, pseudo-total and bioaccessible concentrations of potentially

harmful elements (PHE) of samples collected in urban regions in Brazil.

Percentiles
Parameters Particle size Minimum Maximum

25th 50th (Median) 75th

Chemical and Physical characterization

pH 2 mm 4 7 6 7 7
C-total (%) 2 mm 1 6 1 2 3
Sand (%) 2 mm 18 90 33 56 69
Silt (%) 2 mm 4 29 11 18 27
Clay (%) 2 mm 6 55 16 25 40

Pseudo-total concentration

Cd (mg kg™t 2 mm <0.1 134.0 35 14.1 21.8
Cu (gkg™) 2 mm <0.1 21.1 <0.1 0.1 0.3
Mn (g kg!) 2 mm 0.1 1.9 0.2 0.4 0.9
Pb (g kg!) 2 mm <0.1 82.5 0.1 0.7 7.0
Zn (g kg™ 2 mm <0.1 11.6 0.1 0.5 3.5

Cd (mg kg™) 10 um 0.2 122.0 0.6 46 125
Cu (g k') 10 um 0.1 25 0.1 0.1 0.4
Mn (g kg') 10 um 03 12 0.5 0.6 0.8
Pb (2 kg') 10 um 0.1 67.7 0.2 0.4 6.0
Zn (g kg™ 10 pm 0.1 15.7 0.4 0.6 3.5

Bioaccessible concentration

Cd (mg kg™) 10 um 0.2 98.5 0.5 42 10.7

Cu (gkg") 10 um <0.1 20.0 <0.1 0.1 0.3

Mn (g kg'!) 10 pm 0.2 0.9 0.3 0.4 0.6
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Pb (g kg ") 10 pm <0.1 60.7 0.2 04 54

Zn (g kgt 10 um <0.1 9.9 0.2 0.5 2.7

For the other elements (Pb, Mn, and Zn) there was no difference (p > 0.05), shown by the Wilcoxon test
between BS and FF. PHE can be associated with either Fe and Mn oxides or aluminosilicate minerals and
incorporated into the structure of minerals present in coarser soil fractions (Batista et al., 2018). Batista et al.
(2018) found Pb associated with Fe and Mn, such as plumboferrite [PboMn?"92Mgo 1Fe*"10601s.4], and primary
minerals, such as trioctahedral mica. These authors also found Pb minerals, cerussite (PbCO3), magnetoplumbite
[Pby1Fe’7;Mn**) sMn?*)6Tio6Alo4Cag1019], humboldtine  [Fe?*(C;04)-2(H,0]) and  plumbogummite

[PbAl3(PO4)2(OH)s-H,0] in sand and silt fractions, particle size > 2 pm.
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Figure 1 Distribution of potentially harmful elements in the bulk sample (2mm) and fine fraction (10um) of the

urban environmental matrices. Data has been log-transformed for better visualization.

The main minerals identified by XRD in all clay fractions from BS were kaolinite, with illite-
montmorillonite, gibbsite and calcite found in smaller amounts (Figure 2). In sample 1AP (tailing), peaks (0.315
and 0.307 nm) corresponding to lead oxide (PbO) were observed. XRD analyses were not performed on the FF
samples due to small amount of material available. The concentrations of Cu and Zn are relatively high in tailing
samples (Table S2); however no crystalline phases associated with these elements were found, but it can be inferred
that these elements are in the form of amorphous oxides or insoluble precipitates, probably due to sample pH (5.2
to 6.6). Peaks of kaolinite and small amounts of minerals 2:1 and gibbsite were observed in the soil and sediment
samples (Figure 2).

Although the PHE concentrations in BS and FF were not different (p > 0.05) for most elements, the
bioaccessibility and fractionation analyses were performed on FF, since this fraction has a greater potential risk to

humans, mainly when inhaled (Witt et al., 2014).
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Figure 2 X-ray diffraction of urban environmental matrices - Kaolinite (Kt), Gibbsite (Gb), Smectite mineral

group (Sm), Illite (I1), Calcite (Ca), Vermiculite (Vm), Hydroxy-interlayered Vermiculite (VHE), Lead oxide (Pb)

3.2 Respiratory bioaccessibility of PHE in different environmental matrices
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The bioaccessible PHE concentration varied widely among matrices, indicating that they were influenced
by the chemistry, physical and mineralogical characteristics, as well as the land uses of the sample matrix (Table
1 and S2). The median bioaccessible concentration were 0.5 (Cd); 31 (Cu); 193 (Pb); 325 (Mn) and 239 (Zn) mg
kg™! for the soil matrix; 5 (Cd); 49 (Cu); 648 (Pb); 512 (Mn); and 482 (Zn) mg kg™ for the sediment matrix, and
11 (Cd); 950 (Cu); 416 (Mn) mg kg!; and 3 (Zn) and 10 (Pb) g kg™! for the tailing matrix (data not shown).

The tailing matrix, as expected, had the highest bioaccessible concentrations of PHE, but some soil (6SA)
and sediment (8SA) samples collected in Santo Amaro also had high levels of bioaccessible Cd (20 and 12 mg kg
", Pb (4,812.1 and 2,014.7 mg kg™') and Zn (2,516.9 and 1,849.0 mg kg'") compared to the housing investigation
value (IV-H) of regulatory guidance from Brazilian National Environment Council (CONAMA) (Resolution #
420, 28/12/2009,(CONAMA, 2012)) established for soils in residential areas (8, 300 and 1000 mg kg ',
respectively). The Brazilian intervention values were derived based on generic scenarios (agricultural, housing
and industrial) considering characteristics of the physical environment, human behaviour and length of stay in the
site. In addition, the methodology includes exposure pathways for each substance present in the soil, such as
ingestion and inhalation of soil particles (Dias et al., 2006).

According to CONAMA #420/2009, concentrations of PHE in soils above the IV-H may present direct
or indirect risks to human health and that the fulfilment of requirement to the contamination control should be
made for hazard elimination or reduction. Even though the bioaccessible respiratory concentration was determined
in the FF samples, we compared the results with the IV-H established by CONAMA, as there is no protocol in the
country that adopts in vitro bioaccessibility methods as a requirement for an HHRA.

Samples 6SA and 8SA were collected from a soccer field and the sidewalk located on an avenue near an
old of Pb metallurgical facility. The presence of these elements at these sites is probably associated with a flood
that occurred in 2015, prior to soil collection, when several particulates and coarse materials, derived from the
plant, were transported to the sites. The sample sites are less than 1 km from the old company and these results
might indicate serious contamination due to the particulate material in this region. These data suggest a potential
concern in the area, and more detailed assessments of risks to human health are needed.

Median bioaccessible fractions (BAF) in the tailing samples were Pb (90%) > Cd (87%) > Zn (78%) >
Mn (63%) > Cu (61%), in soils: Cd (77%) > Pb (73%) > Mn (69%) > Zn (55%) > Cu (47%) and in sediments: Pb
(86%) > Mn (84%) > Cd (79%) > Zn (71%) > Cu (56%) (Figure 3). As for Pelfréne et al (2017), respiratory
bioaccessibility was influenced by the composition of the matrices, such as oxides, carbonates, aluminate,

phosphate and silicate, as well as the chemical behaviour of each element and its ability to form soluble complexes
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with ALF components. The high % bioaccessibility (> 50%) was observed for all elements in the most of samples
(Figure 3). This was expected, since the ALF is an aggressive solution because of its low pH (4,5) and the presence
of chelating agent able to dissolve some PHE components.). Pelfréne et al. (2017) observed that the bioaccessibility
of the elements was higher using the ALF compared to the other simulated fluids and concluded that ALF solution
could be used to assess the lung bioaccessibility of PHE because it provides a more conservative estimation of the
bioaccessible PHE.

The Kruskal-Wallis non-parametric test (p > 0.05) was conducted to evaluate the differences in PHE
respiratory bioaccessibility according to the matrices. The BAF medians did not differ between all three matrices,
except for Mn, (H (2) =7.482, p=0.024), in which the sediment group differed from the soil and tailings matrices.
This is likely to be related to mineralogy of sediment samples, where there is predominance of 2:1 mineral (Figure
2). These samples had similar mineralogical composition in the clay fraction (Figure 2b). XRD analysis identified
the phyllosilicates minerals in the four samples, with Mica group minerals (ex., Illite (I1)), Smectites group

minerals (Sm), both are 2:1 mineral, and Kaolinite (Kt), which is 1:1 mineral.

Respiratory Bioaccessibility Fract

I I
soil sediment tailing

Urban environmental matrix

Figure 3. Box and whisker plot of the respiratory bioaccessible fraction (BAF %) of Cd, Cu, Mn, Pb and Zn
separated by type of matrix (Sediments (n = 4). Soil (n = 8) and Tailings (n = 5)). Asterisks are mean extremes,

and degree signs are outliers.

These results might imply that mineral phase controls the Mn bioaccessibility because the 2:1 clay
minerals have a large surface area and high cation exchange capacity, thus allowing high PHE sorption (Lamb et

al., 2009). Besides that, Mn is present in soils and sediments mainly in the form of oxides and hydroxides and can
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be easily solubilized and incorporated into weathering products from soils (Gilkes and McKenzie, 1988). Other
factors may affect the dynamic of Mn on ALF fluids, such as pH and redox reaction that occurs in the matrix
(Hedberg et al., 2011). Similar Mn bioaccessibility (89%) was found by Hernandez-Pellon et al. (2018) in PMq
from a urban-industrial site in the north of Spain using ALF fluid. One of the ALF components is the citric acid
(20.8 g L") which is able to reduce Mn (IV) to Mn (1I) and make it soluble. The citric acid is a tricarboxylic organic
acid that promotes the dissolution of Mn oxides, mainly amorphous oxides (Hedberg and Odnevall Wallinder,
2016) and is able to dissolve secondary minerals, such as kaolinite and 2:1 minerals (Ramos et al., 2011), because
of the high metal complexation capacity of the carboxyl group.

Mn is one of the elements not included in the table of background guideline values for Brazilian soils
(CONAMA, 2012), although it is essential for humans for the synthesis and metabolism of neurotransmitters
(Dieter et al., 2005). Prolonged exposure to fumes and dust containing high concentrations of Mn represents a risk
factor for diseases such as Parkinson's (Kwakye et al., 2015) or Alzheimer's (Tong et al., 2014), as well as diseases
associated with pulmonary inflammation (Santamaria and Sulsky, 2010). Studies on the contamination of soils or
dust by Mn and its effects on human health have not been considered so far in Brazil. According to the USEPA
(USEPA, 1995), the reference dose for Mn is 10 mg day™' (or 0.14 mg kg! day™' for 70 kg adults) for chronic
ingestion and the inhalation lowest-observed-adverse-effect level (LOAEL) is 0.793 mg m™. Neurotoxicity has
been reported in environments where there is chronic exposure containing > 1 mg m™ of Mn (Santamaria and
Sulsky, 2010). As such, further studies focussed on Mn exposure are required, especially on the dose-effect
relationship (Santamaria and Sulsky, 2010).

Extraction with ALF fluid resulted in PHE proportions (BAF) equal to or greater than 100% in some
samples (Figure 3). This was probably because the ALF solution is a complex medium with a high concentration
of organic complexes, low pH (4.5) and is able to solubilize high concentrations of these elements (Pelfréne et al.,
2017). Moreover, the high solid: solution ratio (1:1000) used in the procedure, unlike the solid: solution ratio in
the 3051A method (1:24), can contribute to a greater dissolution of the < 10 um material (Guney et al., 2017).
Therefore, it is suggested that the pseudo-total concentration in these cases should be interpreted with caution for
risk assessment. The high release of bioaccessible PHE in the different matrices is due to the high complex forming
capacity of the solution that contains six types of organic chemical substances (0.077 g L' trisodium citrate
dihydrate, 0.059 g L' Glycine, 20.8 g L! Citric acid, 0.090 g L! disodium tartrate, 0.085 g L"! sodium lactate and

0.172 g L! sodium pyruvate).
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The release of PHE may increase with an increase in the capacity to form stable complexes and the
concentration of ligands in the solution (Hedberg et al., 2011). The effect of pH alone is not as significant as the
action of organic complexing agents and the number of available functional groups (Hedberg et al., 2011). The
presence of citric acid and other organic substances in the ALF fluid promotes the formation of complexes with
the metals, resulting in increased solubility, thus replacing the adsorbed metals on the surface of the particulate

matter and forming organometallic complexes in the ALF solution (Henderson et al., 2014; Kim et al., 2013).

3.3 Influence of solid phase matrices in the respiratory bioaccessibility of potentially harmful elements
3.3.1 Sequential extraction

A high variability of the geochemical phases in the soil, sediment and tailing matrices was observed in
the sequential extraction (BCR) results for all elements studied (Fig. 4 and S4). In the tailing samples, the PHE
most associated with the F1, that is the mobile phase and bound to carbonates of the environmental matrices, were
Mn, Cd and Zn (median 30, 44 and 51%, respectively) compared to the other elements studied (Figure 4). High
concentrations of carbonates are generally found in environmental matrices with pH > 6 (Hooda, 2010). In this
case, the PHE would be associated or precipitated with carbonated minerals that may be dissolved by 0.11 M
CH;COOH solution. For example, Khanmirzaei et al. (2013) observed that the HCO; anion was the main Cd
complexing in the soil solution (slightly alkaline pH values), and that the dominant species in solution were Cd**

and CdHCO";, deducing that CdCO; can control Cd** concentration in solution.
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Figure 4. Cumulative solid-phase distribution and bioaccessible fraction (%) of potentially harmful elements in
samples of urban matrices (10 pm). BAF— bioaccessible fraction (%). F1: Exchangeable and acid soluble
carbonate fraction; F2: hydroxides and mixed oxy-hydroxide phases (reducible fraction); F3: Organic substance
and sulphide fraction (oxidizable fraction) and; F4: the residual non-silicate bound trace metal concentration (Left
side). Scatterplots of bioaccessible concentration (mg kg -') versus bioaccessible concentrations predicted by the

regression model (Right side).

Samples from Apiai (1AP, 2AP, 3AP and 4AP) had Zn concentrations in F1 ranging from 39 to 84%
(2,830 to 9,920 mg kg™!) of the pseudo-total concentration resulting in the accumulation of Zn in the surface of
matrix. The relative abundance of Zn in the solid fractions in tailing samples decreased in the order of F1 > F4 >
F2 > F3. These results were similar with those found by Kasemodel et al. (2019) in soil samples from a former Pb
slag deposit and in a Pb beneficiation Plant at Adrianopolis, state of Parand, southern of Brazil.

In the sediment samples, 43 and 48% of Cd and Mn (median values), respectively are associated with the

F1. The F1 fraction of Cd varied from 0 to 49% in the soil samples, 23 to 84% in the tailing matrix, and 38 to 48%
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in sediments. In soils, a higher proportion of Mn was found in F1 (median = 40%), though a soil sample (58PC)
had almost 85% of the total content in the F1 (Figure 4G). Hernandez-Pellon et al. (2019) observed that Mn
compounds in the water-soluble fraction were highest than the other fractions in PM;o samples from an urban area
impacted by a Mn alloy plant. This may be because of Mn oxide reaction with NO,, SO, and HCI gases from
atmosphere pollution found in industrial areas, producing soluble salts, i.e., MnSO4, Mn(NO3),, Mn(NO3),, MnCl..
The water-soluble fraction is assumed to be part of F1 in the BCR-sequential extraction.

Three soil samples, two collected in the city of Piracicaba (35PC and 47PC), and one collected in a native
forest in the city of Apiai (5AP) had the concentration of Cd extracted by the 0.11 mol L acetic acid (Rauret et
al., 1999) lower than the LQ (0.005 mg L-"). However, Cd was associated with either the F2, reducible fraction
(47PC =99% and 5AP = 83%) or the F4, residual fraction (35PC = 100%). Colzato et al. (2017) observed similar
result in a Brazilian Typic Argiudoll which had 75% of Cd extracted by 0.5 mol L' NH,OH.HCI.

A larger proportion of Pb and Cu (n = 17, median = 5%, percentile 25": 1.2 and 2.5 %; percentile 75%:
13.4 and 18.7 %, respectively) were present in F1 compared to the other elements (Figure 4 C and E). This is most
likely to be due to a pH > 6 that favoured the formation of precipitates or insoluble substances and to the presence
of organic matter, since organic carbon ranged from 0.5 to 6.5% (Table 2), thus forming stable complexes with
PHE. Conversely, Witt III et al. (2014) evaluated Pb dust collected in a mining area and observed that the high
proportion of Pb in the mobile fraction was associated with the presence of cerussite (PbCOs), litharge (PbO) and
anglesite (PbSO,) that are soluble in acetic acid solution. However, in this study, the highest proportion of Pb was
found in F4 (residual) with median 89% for sediment, 86% for soils and 51% for tailing. In general, soil Pb is
immobile at high pH and when associated with silicate fraction (Shotyk and Le Roux, 2005).

In the F2 fraction (reducible phase) the behaviour of the elements is site-specific, i.e. soil samples 47PC,
5AP and 9SA showed Cd, Cu, Pb, Mn and Zn associated with this fraction, but this was not shown in the other
samples. The same behaviour was also observed in sediment 8SA and tailings samples 2AP, 3AP and 4AP. Tailing
samples had higher concentrations of Cd, Cu, Pb and Mn in F2 compared to the sediment and soil samples,
indicating that these elements may be bound to Fe/Mn oxides. A high median content was observed for Cu and Pb
(> 30%) in tailing samples 2AP, 3AP and 4AP, compared to Cd, Mn and Zn. Samples 1AP and 1SA did not have
levels available in this fraction (Figure S4).

In the samples not mentioned here Cd, Cu, Pb and Mn concentrations were below the limit of
quantification (0.01 mg L") and some samples of sediments and soils had low concentrations of Zn on F2 (< 2 mg

kg!). Generally, soils from humid tropical regions have a high degree of weathering, predominating minerals such
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as kaolinite and oxides/hydroxides of Fe and Al, such as hematite (Fe;O3), goethite (FeOOH) and gibbsite
(Al(OH)3) whose electrical charge are highly pH dependent (Fontes and Alleoni, 2006). Therefore, extraction with
0.11 mol L' CH;COOH (pH ~ 2.9, pKa 4.76) may have formed positive charges by the adsorption of H' on the
edge surface causing the destabilization of the variable charges minerals releasing the metals to the extraction
solution (F1) thereby, the F2 may have been underestimated. Therefore, samples that may contain high content of
hematite or goethite were not fully solubilized, which prevented the release of oxide-occluded metals to solution.

The hydroxylamine hydrochloride reagent used in the F2 extraction can moderately dissolve Fe
oxides/hydroxides in soils or sediments; however Mn solubility is more significant, as shown by Chao (1972),
who evaluated the dissolution of Fe and Mn oxides in samples of soils and sediments with acidified hydroxylamine
hydrochloride. Chao (1972) observed that 50% of Mn and 1% of Fe from highly weathered soils were solubilized
and the major part of iron oxides remained in the residue. F3 is related to the oxidizable fraction of a test material,
that is, the fraction of the elements linked to organic matter or to sulphides (Rauret et al., 1999). There was little
expression of this fraction in all samples studied, with relative amounts < 17%.

The Kruskal-Wallis test showed that there were no differences in the distribution of Cu (H(2) = 5.809, p
=0.055) and Mn (H(2); p = 0.277) values in the F3 and that for Cd (p = 0.041), Pb (p = 0.020) and Zn (p = 0.002)
there were differences in the distribution of data. The relative abundance of PHE in the different urban matrices
found in F3 decreases as follows: Cd in sediments (7%) > tailings (5%) > soils (1%), Cu in soil (12%) > sediment
(9%) > tailings (7%), Pb in soil (5%) =~ sediment (4%) = tailing (3%), Zn in soil (3%) =~ sediment (3%) > tailing
(1%) and soil (12%) > sediment (9%) > tailing (6%)

When the two first fractions were examined together (sum of F1 (exchangeable and acid soluble
carbonate) + F2 (hydroxides and mixed oxy-hydroxide phases (reducible fraction))), the most mobilizable
elements were Cd (46%) and Mn (40%) in soils, Cd (43%) and Mn (50%) in sediments, and Zn (82%) > Cd (61%)
> Cu (54%) > Pb (45%) > Mn (40%) in tailings. The samples containing considerable proportions of PHE in the
mobile and reducible phases were likely to be derived from anthropogenic sources, while the less mobile
(oxidizable and residual) were linked to geogenic sources (Borgese et al., 2013; Patinha et al., 2015).

The soil samples were collected in urban regions of the Piracicaba city (Table 1) which is in one of the
main industrial centres of the interior region of the state of Sdo Paulo. Cd, Cu and Zn are generally derived from
industries, vehicle traffic, exhaust fumes and atmospheric deposition (Shi et al., 2013) and can be found in

considerable proportions in urban soils. On the other hand, sediment and soil samples collected in Santo Amaro
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(Table 1), which is a smaller and less industrialized city than Piracicaba, may have had the contribution of the
tailing used as streets paving, as well as domestic waste improperly deposited on the streets.

A high percentage of all elements (> 50%) are associated with residual fraction (F4) for all matrices, i.e.
these elements may be either related to the silicate matrix of the samples or present in several metal alloys not
dissolved by the reagent solutions used in the previous fractions. On the other hand, a low proportion of Cd was
found in samples 47PC (5%) with no significant amount in samples of soil (9SA) and tailings (3AP), as can be
seen in Figure S4 (Supplementary material); 2% of Cu in soil sample S8PC, 4% of Zn in sample 8SA (sediment)
and no significant amounts in the tailing samples 3AP and 4AP (Figure S4). These samples (with low Cd and Cu
amounts in the residual fraction) had the highest proportions of the PHE referenced, associated to F2, which could
be bound to the Mn oxides, but the pseudo-total concentration of Fe was higher than that of Mn (48 to 118 times)

suggesting that Fe may be controlling the mobility of the elements at this fraction.

3.3.2 Identification of the sources of PHE bioaccessibility using BCR-sequential extraction and MLR

When comparing results of the respiratory bioaccessibility extraction with the sequential extraction, it
was observed that the simulated fluid could extract all the solid phases in most of the samples (Figure S4),
including some of the residual phase. It means that it was able to extract those elements strongly adsorbed to the
crystalline phase of the matrix.

The chemical fractionation of urban environmental matrices provided the estimate of bioaccessibility of
Cd, Cu, Mn, Pb and Zn. The determination coefficients (R?) ranged from 0.79 to 0.98 and in the SLF. The MLR
allowed identification of the main geochemical sources as significant predictors of the respiratory bioaccessibility.
The adjusted final models are shown in Table 3. The MLR presented both F1 (soluble and exchangeable phase)
and F3 (oxidizable fraction) as the main predictors for Cd bioaccessibility. Both fractions contributed with same
impact in the model (bg1 = 0.34 and bgz = 0.32, R2=0.94, p < 0.001). The ALF fluid (pH 4.5) dissolved Cd in all
solid fractions (Figures 4A and 4B) in the matrices; however, the impact of Cd bound to the
exchangeable/carbonate and oxidizable forms was stronger than the reducible and residual forms. Metals bound
to the exchangeable and carbonated phases can easily become mobile and available under low pH conditions, and
thereby potentially harmful to human health. Metals such Cd can produce reactive oxygen species (ROS) able to

cause inflammatory diseases in the lungs (Julien et al., 2011).
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Table 3 Model for prediction of respiratory bioaccessibility of Cd, Cu, Pb, Mn and Zn from urban environmental

matrices
Element Equation model™ R? S.E*
Cd logCdarr= 0.82 + 0.34 logCdr; + 0.32 logCdg3 0.94 0.21
Cu logCuarr = 0.76 + 0.94 log Cugs 0.79 0.28
Pb logPbarr = 0.012 + 1.04 logPbrs + .082 logPbg: 0.98 0.17
Mn logMnarr = - 0.53 + 1.03 logMng; + 0.29 logMng4 0.84 0.07
Zn logZnALF = 0.87 + 0.81 logZnr 0.94 0.18

* Standard error of estimate

*%p < 0,001

The predicted model for Cu bioaccessibility (Figure 4D) only had F3 (the oxidizable fraction) as the main
factor that affected the bioaccessibility (R? = 0.8). This factor was already expected since Cu has high affinity to
organic complexes that can be associated with the oxidizable fraction (Yang et al., 2018). In the presence of
organic anions, Cd and Cu behaviours in the soil can be altered. The presence of acetate may increase the amount
of Cu associated with the organic matter, as well as in the presence of citrate, Cu linked to carbonate and occluded
in manganese oxides is less pronounced (Ahumada et al., 2001).

In the case of Pb, 98% of respiratory bioaccessibility can be explained by the covariates, F4 and F2 in
this model (Figure 4F). The impact of F4 (residual fraction) is greater than F2 (reducible), it can be verified by the
magnitude of the t statistic test (tra(13) = 22.8; tr2(13) = 5.2). Pb bioaccessibility is highly dependent of
mineralogical composition and weathered conditions as well as to the phosphate present in the ALF fluid. The
presence of phosphate may limit the Pb solubility because of formation of low-soluble substances, such as
pyromorphite (PbsCI(POs)3), even in environments with low pH values (Schaider et al., 2007). In our study,
however, in which the bioaccessibility of Pb ranged from 46 to 140% of the pseudo-total content, it is possible
that there were Pb species with greater lability, such as halides and carbonates forms, Pb oxides or adsorbed on
surface of Fe and Mn hydroxide (Rieuwerts et al., 2000).

F1 (exchangeable/carbonates) and F4 (residual) were the predictive variables for Mn-bioaccessibility
with the fitted model explaining 80% of the variation (Figure 4H). The effect of F1 was higher than F4 (tri(12) =

1.0; tra(12) = 0.3). Mn bioaccessible varied from 35 to 88% and Mn-F1 varied from 22 to 54%. Similar



601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

29

bioaccessibility fraction (52%) and labile fraction of Mn (71%) was found by (Voutsa and Samara, 2002) at urban
and industrial sites suggesting the predominance of soluble forms in urban atmospheric particles.

The MLR identified F1 as the only predictor of Zn bioaccessibility (R? = 0.94) (Figure 4J). The positive
correlation between Zn-ALF and Zn-F1 suggest that the Zn species are likely derived from poorly crystalline
secondary mineral forms easily soluble in soil solution (Molina et al., 2013). Molina et al. (2013) observed that
there was a higher Zn bioavailability and bioaccessibility in mine waste at pH 1.5 and 4.5 than at pH 7.4; and in
vitro bioaccessibility decreased as follows: mine waste > hydrozincite > hemimorphite > zincite ~ smithsonite >>
sphalerite, where the first three materials contained more than 81% of Zn in the labile phase (exchangeable ions

and carbonates) and demonstrated that the mineralogy was the main factor that contributes to the bioaccessibility.

4. Conclusions

The Brazilian Resolution, CONAMA #420, recommends the use of strong acid solutions to extract
inorganic substances for soils sieved with a 2 mm mesh, but the use of these procedures to extract the contents of
PHE and the particle size do not necessarily estimate the respiratory bioaccessibility. Therefore, a more detailed
analysis from each contaminated site and adequate sample preparation is required. It is recommended that the
extraction be performed on particles with less than 10 um to simulate the size fraction that can reach the respiratory
tract.

Mn bioaccessibility may have been influenced by mineralogy, especially in sediment samples, where
there was a predominance of 2: 1 minerals and kaolinite. Although Mn is not included in the Brazilian soil quality
guideline, the results of this study show that 35 to 88% of the pseudo-total Mn concentration is bioaccessible,
which suggests that this PHE requires further attention, mainly in a HHRA. In addition, the mine tailings samples
contained the highest pseudo-total concentrations of PHE in comparison to the soil and sediment samples, both in
the bulk soil and fine fraction. However, all three matrices contained more than 60% of bioaccessible PHE
contents. These results lead us to highlight the importance of including the in vitro method of respiratory
bioaccessibility to provide a more realistic estimate of PHE concentrations in UEM that are potentially available
to humans.

MRL models were useful to differentiate the main solid fractions that influence the PHE bioaccessibility,
and the variation in the respiratory bioaccessibility of PHE should be attributed to differences in both chemical

and mineralogical characteristics of the matrices.
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More detailed investigation into contaminated areas can serve as a basis for determining the
physicochemical characteristics of inhalable/respirable particulate materials, in addition to assessing possible
adverse effects on the environment and human health.

This study may serve as a basis for toxicological studies and for the development of new strategies for
evaluating sites considered contaminated. The different PHE do not necessarily have the same behaviour in
different matrices. So, each case must be carefully investigated. The development of public policies by
stakeholders should consider the bioaccessibility results as one of the evaluation criteria in the HHRA for each
contaminated site, as well as the geochemical behaviour of each PHE so that there is adequate information to

support a good estimate based on risk associated with the environmental matrix.
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Table 1. Identification of urban environmental matrices, coordinates and sites characteristics of the local collection
of soil, sediments and tailing matrices

Table 2. Chemical and physical characterization, pseudo-total and bioaccessible concentrations of potentially
harmful elements (PHE) of samples collected in urban regions in Brazil

Table 3. Model for prediction of respiratory bioaccessibility of Cd, Cu, Pb, Mn and Zn from urban environmental

matrices

Figure 1. Distribution of potentially harmful elements in the bulk sample (2mm) and fine fraction (10um) of the
urban environmental matrices. Data has been log-transformed for better visualization.

Figure 2. X-ray diffraction (XRD) of urban environmental matrices, indicating the presence of Kaolinite (Kt),
Gibbisite (Gb), Smectite mineral group (Sm), Illite (I), Calcite (Ca), Vermiculite (Vm), Hydroxy-interlayered
Vermiculite (VHE), Lead oxide (Pb)

Figure 5. Box and whisker plot of the respiratory bioaccessible fraction (BAF %) of Cd, Cu, Mn, Pb and Zn
separated by type of matrix (Sediments (n = 4). Soil (n = 8) and Tailings (n = 5)). Asterisks are mean extremes,
and degree signs are outliers.

Figure 4. Cumulative solid-phase distribution and bioaccessible fraction (%) of potentially harmful elements in
samples of urban matrices (10 pm). BAF— bioaccessible fraction (%). F1: Exchangeable and acid soluble
carbonate fraction; F2: hydroxides and mixed oxy-hydroxide phases (reducible fraction); F3: Organic substance
and sulphide fraction (oxidizable fraction) and; F4: the residual non-silicate bound trace metal concentration (Left
side). Scatterplots of bioaccessible concentration (mg kg'!) versus bioaccessible concentrations predicted by the

regression model (Right side).



