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Abstract: In waste disposal areas, soils can be used as environmental protection barriers to retain
potentially toxic metals. Although most studies focus on lateritic soils, it is still of interest to evaluate
other soil types, aiming to select the best materials among those available near the contamination
area, reducing costs and construction efforts. This paper characterizes and evaluates the behavior of
13 soil materials collected in a region (Ribeira Valley, Brazil) with a history of improper mining waste
disposal for the retention of lead (Pb) and cadmium (Cd) and their possible use as environmental
protection barriers. All soils were acidic, kaolinitic, with negatively charged particles. Soils were
grouped into three classes according to soil properties, such as particle size distribution, cation
exchange capacity (CEC), and specific surface area (SSA), using cluster and principal component
analysis. The Pb and Cd adsorption capacities ranged from 288 to 479 µg g−1 and 207 to 326 µg
g−1

, respectively, obtained from batch equilibrium tests. In general, all soils presented suitable
characteristics for the retention of Pb and Cd, but four of them (1 to 4) showed the highest adsorption
capacities, probably due to their larger SSA, CEC and percentage of fines (clay + silt).

Keywords: contamination; potentially toxic metals; cluster analysis; principal component analysis;
batch equilibrium tests

1. Introduction

Soil, water, and sediment contamination by potentially toxic metals is a global problem
that can be caused by the inadequate disposal of waste from several anthropic activities.
High concentrations of metals and metalloids such as arsenic (As), cadmium (Cd), copper
(Cu), chromium (Cr), lead (Pb), and zinc (Zn) are reported in several regions [1–7]. For
instance, As concentrations of 350 mg L−1 and 860 mg kg−1 were found in water and
sediments, respectively, in the Iron Quadrangle (Minas Gerais, Brazil), which is related to
the release from mining tailings into the water bodies [1]. A meta-analysis based on studies
published between 2008 and 2018 addressing toxic metals concentrations in soils near coal
mining activity across 23 countries in Asia, Europe, Africa, and America reported up to
708 mg kg−1 of Cr (in Greece), 680 mg kg−1 of Pb, and 770 mg kg−1 of Zn (in Bosnia and
Herzegovina) [2]. Concentrations up to 378 mg kg−1 of Cd in the soil and 51 µg L−1 of Cd in
the groundwater of an area near a landfill in Egypt were also reported [3]. In Adrianópolis
(southeastern Brazil), concentrations up to 28,585 mg kg−1 of Pb, 99,568 mg kg−1 of Zn,
and 30 mg kg−1 of Cd were found in a mining waste disposal area [4]. This improper
disposal caused contamination, and concentrations of up to 33.4 of Pb [5] and 15.8 of As [6]
were found in sediments of the Cananéia–Iguape estuarine complex. Health authorities
throughout the world are concerned with the effects of these contaminants on human
health and the environment [8].
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Soil constituents interact with contaminants and can detain their transport and mit-
igate contamination. This depends on the soil and contaminant characteristics and the
environmental conditions. Factors such as soil texture and mineralogy, cation exchange
capacity (CEC), pH, oxidation-reduction potential (Eh), ionic strength, and organic matter
content can exert a significant influence on the soil–contaminant interaction [9,10].

In this context, soils can play an important role in contaminant attenuation and can
be used as environmental protection barriers, i.e., as an interface between a contaminated
material and the surrounding environment. For instance, they can be used as bottom
liners in landfills or treatment ponds, cover systems at waste disposal areas, and vertical
barriers to encapsulate contaminated areas, preventing the spread of the contaminant to
the environment. The design of bottom liners and impermeable layers of cover systems
is usually based on obtaining a low hydraulic conductivity (≤10−9 m s−1) [11,12]. In the
literature, we found recommendations for soils to reach this objective, such as minimum
clay content of 20% and a plasticity index greater than 7% [11,12]. However, in recent years,
there was growing interest in the ability to attenuate contamination through processes such
as adsorption, precipitation, degradation, filtration, and cation exchange [13]. The term
environmental protection barrier encompasses not only the liner layers but all functions of a
barrier, including the retention of contaminants. Therefore, the chemical and mineralogical
characteristics of the soil also become criteria for choosing the barrier material.

For the construction of environmental protection barriers, it is necessary to study dif-
ferent types of soil, especially those available near the contaminated area, which represent
a lower cost. The choice of which soil to use as environmental protection barriers must be
conscious and based on the studied soil characteristics and environmental properties.

Thus, it is essential to characterize the soils of the areas of interest. Additionally,
multivariate statistical techniques can support data interpretation and decisions. Principal
component analysis (PCA) aims to reduce the dimensionality of a dataset and identify
correlated variables and hidden patterns [14]. Cluster analysis arranges the data to group
objects according to their characteristics, forming homogeneous clusters [15]. These tech-
niques are used for several applications, including the analysis of soil characteristics. For
instance, some studies use PCA and cluster analysis to evaluate the variability of physical
and chemical attributes of soils under different land uses or managements [16–20] or to
assess the quality of soils concerning potentially toxic metals and identify factors condi-
tioning the contamination [21–23]. Especially for soils that are heterogeneous materials,
these analyses are important to ensure the reliability of research data and provide better
conclusions, supporting decision making satisfactorily.

The Ribeira Valley, in southeastern Brazil, is known for its intense mining activity.
Residues generated by Pb beneficiation and smelting processes were released for five
decades directly into the Ribeira de Iguape river and onto the soil surface. There are
numerous well-documented studies highlighting the contamination of soils, sediments,
water, and biota in the region by metals such as Pb, Cd, Cu, Zn, Cr, and nickel (Ni) released
from mining waste [24–32].

In 1995, the processing and smelting of Pb ore from the Ribeira Valley mines ceased
due to economic depletion. However, no recovery plan was carried out for the area, and the
residues remained improperly disposed of on the soil surface. In 2006, the mining waste
was transferred to a landfill near the industrial plant (in Adrianópolis municipality) and
covered with a heterogeneous 5 to 10 cm layer of uncompacted soil. Since then, the area
was abandoned and has presented a series of limitations (such as lack of identification and
erosion by rain), which makes the contamination problem persistent [28]. Even today, it
is essential to study alternatives for the adequate disposal of mining waste, mainly with
low-cost and local materials. Furthermore, in addition to contributing to the local problem,
the study of soils for potentially toxic metal retention in this region is relevant since the
management of abandoned mines and mining waste deposits is a global problem [33–35].
This study is an example that can be adopted for other abandoned mining areas, aiming to
use local soils.
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The purpose of this research is to characterize different soils collected in the Ribeira
Valley, aiming for the retention of Pb and Cd to be used as environmental protection
barriers, and to indicate which are the most suitable soil(s) for this application based on
their characteristics using statistical analysis (PCA and cluster analysis).

2. Materials and Methods

Figure 1 present an explanatory scheme of the approach used in this research. First, a
field visit in the Ribeira Valley region was carried out to collect soils samples. The collected
soils are from uncontaminated areas (region of the lower course of the Ribeira de Iguape
River), without the influence of contamination caused by the inadequate disposal of mining
waste (region of the upper course of the Ribeira de Iguape River). Then, in the characteriza-
tion step, we aimed to determine the physical, chemical, and mineralogical attributes of
the soils. Such characteristics were chosen because they are relevant to predicting how soil
particles interact with potentially toxic metal cations in solution [9,36–38]. In the third step,
adsorption tests were performed, aiming to compare the Pb and Cd adsorption capacities of
each soil. In addition to being found in several types of mining and industrial waste, these
metals are relevant to the study area. Pb is the metal found in the highest concentration
(28,585 mg kg−1) in the soils of the abandoned mining waste disposal area in the Ribeira
Valley [4]. Additionally, Cd, despite being found in lower concentrations, presents the
greatest ecological risk for the area. It presents the highest percentage in mobile fractions
(an average of 26.4% of total Cd is in exchangeable and carbonate fractions) [4]. Thus, this
paper focused on the capacity of contaminant attenuation by the environmental protection
barrier and not on the geotechnical aspects. Then, statistical tools were used to support
data analysis. Finally, we discussed the relationships between soil characteristics and their
ability to adsorb metals, indicated the soils that would be most favourable for the desired
application, and pointed out potential future studies.
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Figure 1. Explanatory scheme of the methodology and approach used in this research.

2.1. Soils

Soil samples were collected at 13 different locations in the municipalities of Eldorado,
Jacupiranga, and Registro, in the Ribeira Valley (lower course of Ribeira de Iguape River),
Brazil. The samples were identified with numbers from 1 to 13, as shown in Figure 2. These
points were selected because they are representative of the soils from that region [38,39]
and because they are in a portion of the Ribeira Valley that was not contaminated by
potentially toxic metals. Previous research studied other soils from the same area and
reported concentrations up to 0.08 mg kg−1 of Cd and 16.5 mg kg−1 of Pb [40]. Metal
concentrations in soils from that area are used as background for the assessment of the
contamination in Ribeira Valley [27].
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Figure 2. Soil sample locations in the municipalities of Eldorado, Registro and Jacupiranga in Ribeira
Valley (southeastern Brazil).

Soils 1 to 8, collected along the road between Eldorado and Jacupiranga, are Red Yellow
Argisols; and soils 9 to 13, collected in the rural area of Registro, are Fluvic Cambisols [38,39]
(see Table S1 for more details). A single portion of the soil was collected for each point
on cut slopes using a shovel. The collected samples are mainly of subsurface residual
material. Surface organic material was not collected. Figure 3 present the images of all
sample locations. In the laboratory, the soils were air-dried at room temperature, crushed,
passed through a sieve (2 mm), and homogenized.
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2.2. Characterization Tests

Particle size distribution was determined using an analyzer developed by Vaz et al. [41],
based on the gamma-ray attenuation principle and the sedimentation of a particle in a
liquid medium according to Stokes Law. A mass of 40 g of oven-dried soil was mixed
with 40 mL of sodium hexametaphosphate solution at 105 ◦C for 24 h. The suspension was
stirred for 16 h. Then, the dispersed sample was transferred to a rectangular acrylic con-
tainer (5 × 5 × 20 cm3), where water was added to a complete height of 16 cm (100 g L−1).
The equipment performs measurements of radiation attenuation, for previously defined
time intervals, at different heights of the container and time of sedimentation [42].

Soil pH was determined according to the procedure of Embrapa [43]. It was measured
in deionized water (pHH2O) and 1M KCl solution (pHKCl). The difference between the
two measurements of pH was used to calculate ∆pH (pHKCl-pHH2O). The suspension
of soil with deionized water used for the determination of pH was also used for the
determination of the oxidation-reduction potential (Eh), performed with a platinum ring
electrode connected to a Digimed pHmeter, reference electrode Ag/ClAg. The electrical
conductivity (EC) was determined in 1:1 soil-deionized water suspensions [44].

Soil CEC was calculated from the sum of exchangeable bases [45]. Carbon (C), Hydro-
gen (H), and Nitrogen (N) contents were measured using the method of dry combustion
with a Perkin Elmer model 2400 elemental analyzer, with a detection limit of 0.3%. Soil
particle porosity was analyzed using the nitrogen adsorption/desorption technique at 77 K,
with a porosimeter model ASAP 2020 (Micromeritics, Norcross, GA, USA). Specific surface
area (SSA) was calculated using the Brunauer, Emmett, and Teller equation (BET) and the
pore volume (Vpores) was calculated using the t-plot method [46].

X-ray Diffraction (XRD) and Differential Thermal Analysis (DTA) were carried out
as complementary techniques to identify the mineralogy of the soils. For these analyses,
we used only the soil particles <0.038 mm, in order to focus on the clay minerals. After
separating the fine fraction of each soil, one portion of the sample was used for XRD of
oriented aggregate mounts, and the other portion was oven-dried at 50–60 ◦C for 24 h
for the DTA measurements. For XRD, three slides were prepared for each soil: natural
air-dried, treated with ethylene glycol, and heated at 550 ◦C for 1.5 h in a muffle furnace [47].
Analysis was performed in a Rigaku Ultima lV diffractometer with a copper tube, screening
from 5 to 80 degrees at 2 degrees per minute. DTA was performed using BP Engenharia
equipment, reaching a temperature of 1000 ◦C at a heating rate of 12.5 ◦C per minute. We
used alumina as the inert material.

2.3. Adsorption Tests

Batch equilibrium tests were performed according to the method of the United States
Environmental Protection Agency [48] to evaluate the Pb and Cd adsorption capacities
of the soils (in monoelementary systems). First, Pb and Cd solutions at 100 mg L−1 were
prepared using a standard salt of lead chloride (PbCl2), Merck, having 98.0% purity and
salt of cadmium chloride hemipentahydrate (CdCl2.21/2H2O), Sigma-Aldrich, having
79.5–81.0% purity.

The air-dried soil samples (final water content of 5.7%) were carefully ground (only
to break up clods, without influencing the particle size distribution), weighed, and put in
contact with each solution in glass erlenmeyers, following a soil:solution ratio of 1:5 (10 g
of soil and 50 mL of solution). The samples were shaken on a Solab SL183 horizontal shaker
at 120 rpm for 24 h. Samples were then transferred to 50 mL Falcon tubes, and the solid
and liquid phases were separated by centrifugation (Novatécnica NT 810 Centrifuge at
2500 rpm for 10 min) and filtration (Unifil qualitative filter paper with a weight of 80 g m−2).
The physicochemical parameters (pH, Eh, and EC) were measured in the solutions at the
beginning (after soil-contaminant contact) and the end of the test (post-filtration). The
concentrations of Pb and Cd in the solutions were determined directly (without dilution)
using an inductively coupled plasma optical emission spectrometer (ICP OES), with a
quantification limit of 0.01 mg L−1 for both metals.
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The amount of metal adsorbed by each soil was calculated from the difference between
the initial concentration (C0, µg mL−1) and the equilibrium concentration at the end of the
test (Ce, µg mL−1), according to Equation (1), where qe (µg g−1) is the mass of contaminant
adsorbed by the soil mass, Vsol (mL) is the volume of solution, and Msoil (g) is the soil
mass [48].

qe = Vsol (C0 − Ce)/Msoil (1)

2.4. Statistical Treatment

The statistical analyses were carried out using the software R and RStudio. Variables
related to soil characteristics and adsorption capacity were analyzed in pairs to calculate
Pearson’s correlation coefficient r, considering a significance level of 5% (p ≤ 0.05). Principal
Component Analysis (PCA) was performed using the FactoMineR and factoextra packages
in RStudio. All 13 soils and 10 variables were considered (pHH2O, Eh, EC, clay content,
CEC, SSA, Vpores, Dpores, qePb and qeCd). Finally, Cluster Analysis was performed. The
Partitioning Clustering approach was chosen, using the function k-means [14,15].

3. Results and Discussion
3.1. Soil Characterization

Figure 4 present the average contents of clay, silt, and sand of each soil. The 13 soils
presented different textures, but, in general, they could be divided into three groups: a
group of soils with a higher proportion of clay (soils 2, 9, 12, and 13), a sandy soil (soil 10),
and the others with a medium texture (soils 1, 3, 4, 5, 6, 7, 8, and 11).
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region (Brazil).

The most clayey soils are soils 2 and 13, which presented 63.6% and 63.1% of clay,
respectively. The sand and silt contents in soil 2 were 24.9% and 11.4%, in due order. Soil 13
contained 23.6% sand and 10.2% silt. Both soils have a very similar particle size distribution,
mainly if one considers the standard deviation. After soils 2 and 13, those with the highest
percentage of clay were soils 9 and 12, also with a very similar particle size distribution.
Soil 9 had 45.6% clay, 10.3% silt, and 46.1% sand, and soil 12 had 45.5% clay, 10.2% silt, and
47.3% sand. The clay fraction of the other materials varied between 14.2% (soil 10) and
24.0% (soil 3). Soil 10 was the most sandy (69.4% sand). Soils 1 and 11 also had a similar
particle size distribution. They presented 55.2% and 57.8% of silt, respectively. The other
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soils presented significant content of fines (clay + silt): between 54.3% (soil 7) and 69.1%
(soil 5); even the soils with lower percentages of clay had large proportions of silt.

For a good performance as a bottom liner or a liner layer of a cover system at waste
disposal areas, it was recommended that the soils must contain a minimum of 20% clay [11].
Soils 5, 8, and 10 were not in accordance with this recommendation. Furthermore, soil 6
was at the limit because it presented an average of 19.4% clay, with a standard deviation of
0.8. On the other hand, Benson, Zhai, and Wang [49] proposed a less conservative criterion
for using soils as liners: a minimum of 15% clay and 30% fines. All soil samples were in
accordance with this recommendation. Only soil 10 was not, although it was very close:
14.2% clay and 30.5% fines.

Table 1 present the physicochemical parameters of the soils (pHH2O, pHKCl, ∆pH, Eh,
and EC), as well as their C content. All soils were acidic, with pHH2O within the range of
4.2 (soil 12) to 5 (soil 2). Soils can be classified into weakly acidic (pH between 6 and 7),
moderately acidic (pH between 5.5 and 6), strongly acidic (pH between 5 and 5.5), very
acidic (pH between 4.5 and 5), or extremely acidic (pH less than 4.5) [50]. According to
this classification, soils 1, 6, 11, and 12 were extremely acidic, and the others were very
acidic. Such property is commonly observed in tropical soils. Similar pH values were
found for soils from different regions of Brazil (pH ranging between 4.2 and 5.2) [51], for
Amazonian soils (pH from 3.9 to 5.5) [52], and for soils in the state of São Paulo, Brazil
(25 of the 30 soils studied by these authors had a pH between 4.0 and 5.8) [53]. Similar
values were also found in previous studies for other residual soils from the Ribeira Valley:
pH of 4.5 and 4.6 [54,55]. This characteristic can negatively affect contaminant retention. A
number of metals, including Pb and Cd, tend to remain soluble at low pH, which favors
their availability and transport. For instance, Kabata-Pendias [56] highlighted that there is
a critical acidity (pH range between 4.0 and 4.5) at which the decrease of 0.2 in pH value
can lead to an increase in Cd labile pool in an order of three to five times.

Table 1. Physicochemical parameters and carbon (C) contents of the soils.

Soil pHH2O pHKCl ∆pH Eh (mV) EC (µS cm−1) C (%)

1 4.4 ± 0.3 3.9 ± 0.0 −0.4 ± 0.3 +370.2 ± 30.2 107.8 ± 15.3 0.35 ± 0.03
2 5.0 ± 0.1 3.9 ± 0.0 −1.0 ± 0.0 +324.0 ± 5.4 86.2 ± 4.1 0.38 ± 0.01
3 4.7 ± 0.0 3.8 ± 0.0 −0.9 ± 0.0 +321.4 ± 5.4 98.3 ± 14.2 0.34 ± 0.01
4 4.7 ± 0.1 3.7 ± 0.0 −0.9 ± 0.1 +368.9 ± 10.7 62.5 ± 8.5 <DL
5 4.6 ± 0.0 3.8 ± 0.0 −0.7 ± 0.0 +376.1 ± 7.3 67.1 ± 5.7 <DL
6 4.3 ± 0.1 3.8 ± 0.0 −0.5 ± 0.0 +390.0 ± 1.2 143.5 ± 1.6 0.31
7 4.6 ± 0.0 3.8 ± 0.0 −0.8 ± 0.0 +376.6 ± 9.9 76.0 ± 4.0 <DL
8 4.5 ± 0.1 3.9 ± 0.0 −0.6 ± 0.0 +349.7 ± 3.5 94.6 ± 6.0 <DL
9 4.6 ± 0.1 3.7 ± 0.0 −0.9 ± 0.2 +371.2 ± 6.2 65.1 ± 2.1 0.58 ± 0.03
10 4.5 ± 0.0 3.9 ± 0.0 −0.7 ± 0.0 +360.1 ± 7.6 51.3 ± 5.2 <DL
11 4.2 ± 0.0 3.8 ± 0.0 −0.5 ± 0.0 +353.2 ± 3.7 113.2 ± 6.9 <DL
12 4.2 ± 0.0 3.7 ± 0.0 −0.5 ± 0.0 +357.4 ± 6.2 101.9 ± 1.8 0.39 ± 0.03
13 4.6 ± 0.0 3.7 ± 0.0 −1.0 ± 0.0 +333.3 ± 3.0 61.1 ± 4.3 0.42 ± 0.03

pHH2O: pH measured in deionized water; pHKCl: pH measured in KCl 1M solution; ∆pH = (pHKCl-pHH2O); Eh:
oxidation-reduction potential; EC: electric conductivity; DL: detection limit (0.3%).

The pHKCl ranged between 3.7 and 3.9. All the pHKCl values were lower than pHH2O.
Thus, ∆pH was negative (from −0.4 to −1.0), which indicated the predominance of negative
charges on the surface of colloidal particles. This is probably related to the presence of
clay minerals, and it is an important factor that influences the transport of contaminants in
soils. The negative charges can favor the physicochemical processes that retain metallic
cations [57].

The soil with the lowest Eh was soil 3 (+321.4 mV), and the soil with the highest Eh
was soil 6 (+390.0 mV). All Eh values were positive, which indicated an oxidizing media,
contributing to the retention of metals. It is complex to quantify the influence of Eh on
the behavior of potentially toxic metals; however, in general, an oxidizing media favors
the occurrence of precipitation and adsorption of metals onto iron (Fe) and manganese
(Mn) oxides [57]. The electrical conductivity of the soils varied from 51.3 µS cm−1 (soil
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10) to 143.5 µS cm−1 (soil 6) and can be related to the dissolved salts in the soil and to
the mineralogy.

Carbon content varied from values below the detection limit (for soils 4, 5, 7, 8, 10, and
11) to 0.58% (soil 9), which means that all soils had small amounts of organic matter. Soil
organic matter favors the retention of metal cations due to their high specific surface area
(between 800 m2 g−1 [37]) and high CEC (from 150 to 300 cmolc kg−1 [57]), mainly due to
the dissociation of H from functional groups such as carboxyls and phenolic hydroxyls [58].
Due to the low carbon content, the influence of organic matter on soil CEC and adsorption
of cations by the soils studied in this research are probably not significant, and mineralogy
has a more relevant role.

Table 2 show the results obtained from the sum of exchangeable bases and the nitrogen
adsorption/desorption technique. Soil CEC varied between 29.5 mmolc dm−3 (soil 10) and
199.8 mmolc dm−3 (soil 12). Soils 9 and 13 also presented high CEC (179.3 mmolc dm−3 and
173.6 mmolc dm−3, respectively). This is probably due to its high clay content. However,
soil 2, which was also rich in clay (particle size distribution very similar to soil 13), had one
of the lowest CEC (61.2 mmolc dm−3). A possible explanation for this difference may be
related to the soil’s mineralogy.

Table 2. Potential acidity, sum of exchangeable bases, cation exchange capacity, specific surface area,
pore volume, and average diameter of soil pores.

Soil H + Al
(mmolc dm−3)

SB
(mmolc dm−3)

CEC
(mmolc dm−3)

SSA
(m2 g−1)

Vpores
(cm3 g−1)

Dpores
(A)

1 50.3 ± 2.9 2.4 ± 0.1 52.7 ± 3.0 13.23 0.022 315.6
2 58.0 ± 0.0 3.2 ± 1.0 61.2 ± 1.0 15.89 0.093 433.6
3 56.0 ± 3.5 1.7 ± 0.0 57.7 ± 3.5 9.22 0.037 178.4
4 125.7 ± 8.1 1.7 ± 0.0 127.4 ± 8.1 11.81 0.026 163.8
5 45.3 ± 2.9 2.0 ± 0.6 47.3 ± 2.6 11.01 0.024 150.6
6 28.0 ± 3.0 1.5 ± 0.6 29.5 ± 3.5 6.59 0.030 279.3
7 38.0 ± 0.0 2.0 ± 0.5 40.7 ± 0.5 8.38 0.024 218.2
8 54.0 ± 3.5 1.6 ± 1.0 55.6 ± 3.6 9.34 0.022 213.8
9 178.7 ± 11.0 0.6 ± 0.6 179.3 ± 10.4 21.57 0.072 161.1
10 30.0 ± 1.7 0.3 ± 0.1 30.3 ± 1.8 5.68 0.015 100.2
11 50.3 ± 2.9 0.2 ± 0.0 50.5 ± 2.9 11.94 0.031 156.7
12 199.3 ± 24.8 0.4 ± 0.1 199.8 ± 24.8 24.85 0.066 148.8
13 172.3 ± 11.0 1.3 ± 0.0 173.6 ± 11.0 30.05 0.117 193.6

H + Al: Potential acidity; SB: Sum of exchangeable bases; CEC: Cation exchange capacity; SSA: Specific surface
area; Vpores: Total pore volume; Dpores: Average diameter of the soil pores.

It is important to highlight the role of soil CEC in the retention of potentially toxic
metals through ion exchange since the metals can be in the form of metallic cations when
in solution. It is also apparent from Table 2 that most part of the CEC is due to the potential
acidity of all 13 soils. Base saturation was between 0 and 6.3%, which means that the vast
majority of negative charges in soil colloids are being neutralized by H+ and Al3+ and not
by bases. These results are in accordance with the fact that the materials are residual, acidic
soils with low organic matter contents.

The materials with the highest SSA were soil 13 (30.05 m2 g−1), soil 12 (24.85 m2 g−1),
and soil 9 (21.57 m2 g−1) (Table 2). They were also those with higher clay content and
higher CEC. The soils with the lowest SSA were soil 10 (5.68 m2 g−1) and 6 (6.59 m2 g−1),
which were also those with the lowest CEC. The other soils presented SSA values ranging
from 8.38 m2 g−1 to 13.23 m2 g−1. SSA is important for metal retention because it represents
the size of the area that is exposed for reactions to occur. Therefore, it is expected that a
higher SSA leads to a higher CEC and greater metal retention.

In general, for the soils with a larger SSA, we observed higher total pore volumes
(for instance, soils 9, 12, and 13). Soil 10 (which had a low CEC) presented the lowest
pore volume (0.015 cm3 g−1). On the other hand, this trend did not apply to soil 2. This
soil had a smaller specific surface area than soils 9 and 12 but a greater total pore volume
(0.093 cm3 g−1). This is probably due to the difference in the size of the pores. The average
pore diameter of all soils ranged between 150.6 Å (soil 5) and 433.6 Å (soil 2). Thus, in
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all cases, this average value corresponded to the size of a mesopore, according to the
International Union of Pure and Applied Chemistry (IUPAC) classification [59], which
considers mesopores those with 20 to 500 Å of diameter. For soil 2, despite having a total
pore volume that was comparable to those of the other clayey soils, the diameters of the
pores seemed to be bigger, so the SSA was smaller.

DTA curves (Figure 5) show small peaks at temperatures lower than 200 ◦C, which
is probably associated with water loss. All soils presented a major endothermic peak in
the region of 590 to 600 ◦C of the curves and an exothermic peak close to 950 to 970 ◦C.
These peaks are typical of kaolinite. The first is probably a peak of combined water removal
(dehydroxylation), and the second can be associated with the formation of cristobalite or
mullite or with a structural rearrangement of kaolinite [60]. Kaolinite is a 1:1 clay mineral
formed by a tetrahedral layer of silicon and oxygen and an octahedral layer of aluminum
and hydroxyl (Al4Si4O10(OH)8). It is formed from the feldspars weathering and is very
common in tropical soils [61].

The DTA curves of soils 1 and 8 also exhibited an endothermic peak at around 325 ◦C.
Gibbsite (Al(OH)3) and goethite (FeO(OH)) can present peaks in this region of the DTA
curve. Mackenzie [60] explained that gibbsite generates a strong endothermic peak in the
curve between 320 and 330 ◦C. However, almost without exception, smaller peaks also
appear around 250 to 300 ◦C and 525 ◦C, which was not observed in the curves of soils 1
and 8. Goethite generates an endothermic peak that varies in the region of 300 to 400 ◦C,
and samples with coarser particles present peaks at higher temperatures compared to those
with finer particles [60]. Thus, the peaks found in the curves of soils 1 and 8 are more likely
indicative of the presence of goethite. Goethite is one of the most common iron oxides
found in soils and gives them their brown or ocher color. It is also very common in the
tropics on strongly weathered soils [62].

The diffractograms obtained in the XRD analysis are shown in Figures S1–S13. Kaolin-
ite seems to predominate in all samples. The characteristic peak of this mineral (at about
7.2 Å) appears in the diffractograms of the natural and ethylene glycol-treated samples
but not in the diffractograms of 550 ◦C heated samples. This is because heating makes
kaolinite amorphous. With the exception of soils 1 and 6, all soils presented peaks that
are characteristic of illite (about 10.0 Å and 5.0 Å). The peak of approximately 4.18 Å,
characteristic of goethite, was observed again in the diffractograms of most soils (1, 3, 4, 5,
7, 8, and 11).

Therefore, based on the results of mineralogical analyses, in addition to quartz, all
soils showed a predominance of kaolinite in their clay fraction, and there were indications
of the presence of illite and goethite in some of the samples. Regarding the chemical aspect,
the predominance of kaolinite indicates a rapid rate of ion exchange because, for this clay
mineral, the reaction occurs only on external sites [57]. However, kaolinite presents low
CEC (generally from 50 to 150 mmolc dm−3 [63]), with variable charges (pH-dependent).
Thus, limited adsorption is expected, and changes in pH are more relevant because they
can lead to a release of the adsorbed cations. Special attention should be given to potential
desorption [57].

Concerning the application as compacted soil liners, kaolinite and illite can be effi-
ciently compacted and consolidated to achieve hydraulic conductivity values from 10−8

to 10−10 m s−1 [11]. Although limited retarding capacity is expected from kaolinite, it is
inactive and relatively immune to damage by several chemicals [11], which is also a factor
to consider in environmental protection barriers.

No indications of expansive clay minerals were found, which favors the performance
of the soils as a compacted liner. Although expansive clay is expected to have greater
attenuation capacity, they are difficult to control and can cause problems in the structure of
the barrier [11].
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Figure 5. Thermal Differential Analysis (TDA) of the soils (1–13) (soil samples passed a 400# sieve
and were put in an oven at 50–60 ◦C for 24 h).
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3.2. Pb and Cd Adsorption

Figure S14 show the variation of the physicochemical parameters (pH, EC, and Eh)
measured during the adsorption tests. The initial pH of all soil samples in the adsorption
test was within the range between 4.1 and 4.7. This acidic environment is unfavorable
for the precipitation of metals [10]. The pH of all samples decreased during the test. The
difference between initial pH and equilibrium pH varied from 0.5 to 1.0. This is probably
related to the release of H+ ions by soils, which suggests that ion exchange was one of the
sorption mechanisms.

The initial EC ranged from 167.7 to 191.6 µS cm−1 for the tests with Pb and from 230.7
to 257.0 µS cm−1 for the tests with Cd. These values increased after 24 h in all samples.
One can also notice that initial Eh varied from +243.8 to +358.7 mV. In general, these
values increased or remained constant until the equilibrium. During the entire test, Eh was
positive, which indicates an oxidizing environment.

Figure 6 show the results of the adsorption tests. In terms of Pb removal efficiency
(Figure 6A), the soils with the best performance were soil 1 (97.2 ± 0.2%), soil 2 (94.5 ± 0.1%),
soil 4 (92.1 ± 0.9%), and soil 3 (93.0 ± 1.1%). On the other hand, the materials with the
lowest Pb removal efficiency were soil 10 (58.1 ± 1.5%) and soil 6 (75.9 ± 1.4%). The Cd
removal efficiency (Figure 6A) ranged from 39.6% to 62.5%. Soils 2, 1, and 4 showed higher
efficiency (62.5 ± 2.1%, 61.9 ± 3.4%, and 58.6 ± 2.6%, respectively), and soils 10 and 6 were
the least efficient materials (39.6 ± 1.3% and 43.1 ± 1.0%, respectively).
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and Cd adsorbed by each soil; (B) Pb and Cd adsorbed capacity in µg g−1.

Regarding the adsorption capacity (µg g−1) shown in Figure 6B, the results were
similar. The soils with the highest Pb adsorption capacity were soil 1 (479.2 ± 2.6 µg g−1),
soil 2 (465.9 ± 4.6 µg g−1), soil 3 (461.6 3 ± 6.0 µg g−1), and soil 4 (460.9 ± 7.6 µg g−1). The
soil with the lowest Pb adsorption capacity was soil 10 (288.0 ± 7.8 µg g−1). Ranking the
13 soils according to their Pb adsorption capacity, we obtained the sequence: 1 > 2 > 3 > 4 >
13 > 7 > 5 > 11 > 9 > 8 > 12 > 6 > 10.
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The materials with the highest Cd adsorption capacity were soil 2 (325.62 ± 2.1 µg g−1),
soil 1 (323.4 ± 17.5 µg g−1), and soil 4 (306.9 ± 13.2 µg g−1). Those with the lowest capacity
were soil 10 (206.5 ± 7.4 µg g−1) and 6 (225.5 ± 5.4 µg g−1). Ordering the soils according to
their Cd adsorption capacity, we obtained 2 > 1 > 4 > 3 > 5 > 13 > 7 > 11 > 8 > 9 > 12 > 6 > 10.

Thus, the soils with the best performance for adsorption of both Pb and Cd were
soils 1 and 2, followed by soils 3 and 4. On the other hand, soils 10 and 6 had the
worst performance.

All soils had a greater affinity for Pb when compared to Cd. Such behavior was already
reported in the literature. Fontes and Gomes [64] and Pierangeli et al. [65] observed that
Cd adsorption capacities were lower than Pb adsorption capacities for different Brazilian
soils. Araujo [66] and Marques et al. [54] reported this same difference when analyzing
soils in the Ribeira Valley. According to Kabata-Pendias [56], Cd has a smaller ionic radius
and a different electronic configuration than Pb, which influences adsorption.

3.3. Statistical Treatment

Figure 7 show the Pearson correlation matrix considering soil characterization vari-
ables and their Pb and Cd adsorption capacities, with a significance level of p ≤ 0.05. There
was a positive correlation between clay content and the total volume of pores (r = 0.98). The
clay content was also positively correlated with the SSA (r = 0.84) and the CEC, although
with a lower coefficient (r = 0.63). The characteristics of clay, such as the small size and
presence of negative charges at their surface, can explain the higher volume of pores, SSA,
and CEC in soils that present a large proportion of clay [61].
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Figure 7. Pearson’s correlation matrix for soil characteristics and Pb and Cd adsorption capacity
(significance level p lower than or equal to 5%). pH: pH measured in deionized water; Eh: oxidation-
reduction potential; EC: electric conductivity; %clay: percentage of clay in the particle size distribution;
%silt: percentage of silt in the particle size distribution; %sand: percentage of sand in the particle size
distribution; C: carbon content; CEC: Cation exchange capacity; SSA: Specific surface area; Vpores:
Total pore volume; Dpores: Average diameter of the soil pores; qePb: Pb adsorption capacity; qeCd: Cd
adsorption capacity. Red numbers depict negative correlations, and blue numbers depict positive
correlations. Only correlations with a significance level (p) lower than or equal to 5% were considered.
The numbers crossed out with an X are the correlations that showed higher p values.
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Regarding the adsorption capacity, there is a positive correlation between qePb and
qeCd (r = 0.92) since the order of affinity of the different soils with both Pb and Cd was
similar. A negative correlation between Pb and Cd adsorption capacities and the sand
content in soils was also observed (r = −0.79 for qePb, and r = −0.73 for qeCd). Similar
results were reported by Moreira [67] when evaluating the competitive adsorption of Cd,
Cu, Ni, and Zn in 14 representative soils of the state of São Paulo, Brazil. The author
observed a negative correlation between the maximum Cd adsorption and the sand content
of the soils, considering a significance level of 5% (r = −0.64).

The negative correlation between adsorption capacity and sand content was caused
by the strong affinity of Pb and Cd with soil fine particles (clay + silt) since no or very little
adsorption was expected by the sand particles (mainly quartz). Indirectly, this indicates
the higher the fines content (clay + silt) of the soil, the greater the adsorption. However,
in this study, no positive correlation was observed between the adsorption capacities and
the clay content. Therefore, it seems that, for these soils, the relevance of fines content is
greater than the relevance of clay content for the adsorption. Probably, particles in the silt
fraction are as important for adsorption as particles in the clay fraction. This would explain
the higher adsorption capacity of soils 1 to 4 compared to the clayey soils. Despite having
lower clay contents, soils 1 to 4 present a percentage of fines ranging from 65.2% to 78.4%.
Other soils with a higher percentage of clay have low silt content; therefore, they have a
lower fraction of fine particles. For example, soils 9 and 12 (that are in the group of clayey
soils) only had 53.9 and 52.7% of fines (cay + silt), which is significantly lower than soils
1 to 4.

No positive correlation was observed between adsorption capacities and soil C content,
which differs from some other studies in the literature. For instance, Khodaverdiloo and
Samadi [68] reported a positive correlation between the total amount of Cd adsorbed by
soil and the organic carbon content (r = 0.57, p ≤ 0.05). Nascimento and Fontes [69] studied
the adsorption of Cu and Zn in soils from Minas Gerais (Brazil) and found a correlation
between the clay content and the parameters Kf from the Freundlich equation (r = 0.61 and
0.51, respectively, p ≤ 0.10). These results can be related to the very low C contents of the
soils from the Ribeira Valley and the little importance of their organic matter for adsorption.
Clay minerals and iron oxides are more relevant in this case.

Figure 8 show the variables correlation circle of PCA, in which the positively correlated
variables are closer, and the negatively correlated variables are positioned in opposite
quadrants. The variables are also colored according to their quality of representation (cos2)
and their contribution to the principal dimensions. The variables with the best quality of
representation and biggest contribution were clay content, SSA, and pore volume, followed
by CEC and qeCd. EC and Eh had the smaller contribution and the lowest cos2 values. There
was a positive correlation between clay content and pore volume and between CEC and
SSA. The Pb and Cd adsorption capacities (qePb and qeCd) were also positively correlated.
There was also a negative correlation between Eh and pH. All of these observations are in
accordance with Pearson’s correlation matrix. Figure 9 show the distribution of the 13 soils
in the factor map of PCA. Soils 13, 9, and 2 presented the highest values of cos2 (highest
quality of representation) and the biggest contribution to the principal components.

The results of the Cluster analysis are presented in Figure 10. The soils were divided
into five clusters. One of the groups (green in Figure 10) included soils 9, 12, and 13, which
are the soils with the highest clay contents, SSA, CEC, and pore volumes. Soil 2 was not
included in any group and is represented in red in Figure 10. This soil had high clay content,
with a particle size distribution comparable to that of the soils in the first group; however,
what makes it different is its lower CEC, SSA, and higher average pore diameter. Soils 10
and 6 were also isolated, constituting two groups (in yellow and pink, respectively). Both
differ from the rest due to their low clay contents, lower CEC, smaller SSA, and lower Cd
and Pb adsorption capacities. There is still another group (in blue) consisting of soils 1, 3, 4,
5, 7, 8 and 11, which are those with a medium texture, with similar clay contents (between
17.1 and 24.0%) and SSA (between 9.2 and 13.2 m2 g−1).
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Despite being grouped together, soils 1, 3, 4, 5, 7, 8, and 11 differed in some aspects
and did not have similar performances in the adsorption of Pb and Cd. Cluster analysis
grouped these soils because the most considered variables were clay content, SSA, and pore
volume. Some characteristics that differentiate them, such as adsorption capacities, have
smaller contributions to the definition of the principal components. The soil fine fraction
(clay + silt), which proved to be relevant for adsorption, was not considered in this analysis.
Another limitation is that soils 4, 5, 7, and 8 are not well represented in the factor map (low
cos2 values), and this must be taken into account when interpreting the results.
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Among soils 1 to 4, which are those with the best performance of Pb and Cd adsorption,
soils 1, 3, and 4 were grouped in the same cluster, as they are similar concerning those
variables that had the greatest contribution in the two dimensions of PCA (clay content,
CEC, SSA). However, soil 2, despite having an adsorption capacity similar to those of soils
1, 3, and 4, does not belong to the same group because it has different characteristics. This
may suggest that the adsorption of Pb and Cd in soil 2 occurred on different constituents
or by different mechanisms than in soils 1, 3, and 4. Furthermore, although soil 2 has a
higher clay content than soils 1, 3, and 4, the percentage of fines (clay + silt) is similar. The
statistical analyzes showed that the percentage of fines was more important than the clay
content for the adsorption.

4. Conclusions

The aim of this paper was to characterize different tropical soils from the Ribeira Valley
and evaluate their capacity to adsorb Pb and Cd to be used as environmental protection
barriers. In general, the 13 soils differ mainly regarding particle size distribution, CEC
(from 30.3 to 199.8 cmolc dm−3), and SSA (from 5.68 to 30.05 m2 g−1). However, they
have some common characteristics, such as acidity (pH between 4.2 and 5), the presence of
negative charges on the surface of the particles (∆pH negative), oxidizing environment (Eh
positive), low C content (<0.58%), and predominance of kaolinite, a clay mineral with low
activity. Under the described laboratory conditions, the adsorption capacity of Pb in the
soils ranged from 288.0 to 479.2 µg g−1, and the adsorption capacity of Cd ranged from
206.5 to 325.7 µg g−1. The most efficient soils for removing both Pb and Cd from solutions
were soils 1, 2, 3, and 4. Among these soils, the most different was soil 2 (higher clay
content, lower CEC and SSA). The adsorption of Pb and Cd in soil 2 occurred on different
constituents or by different mechanisms than in soils 1, 3, and 4. Statistical analysis
facilitated an understanding of the variability of soil characteristics and the parameters that
were most important for adsorption. The results suggest that fines content (clay + silt) is
more relevant to adsorption than only clay content, and the influence of organic matter was
insignificant. Despite the suitable adsorption capacity, future tests are necessary to verify
the possibility of release of Pb and Cd back to the environment as a result of changes in pH,
for instance, due to exposure to acid rain.

This paper contributes to the study of tropical soils and provides available and low-
cost alternatives for environmental protection barriers to minimize potentially toxic metal
contamination. Beyond the local issue, this research can be adopted as a model approach
for other abandoned mining areas since the management of these areas is a global problem.
However, our focus was on the chemical aspects. Future work is necessary to understand
the geotechnical characteristics, such as Atterberg limits, compaction parameters, shear
strength, and hydraulic conductivity. It is also recommended to study how plants and
microbiota could contribute to the retention of potentially toxic metals and how bioreme-
diation or phytoremediation could be associated with complementing the environmental
strategy in the waste disposal area.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14095135/s1, Table S1: Information about soil samples. a
Information retrieved from the Litoestratigrafic Units Map, database of the Geologic Service of
Brazil–GEOSBG, 1:250000 (GEOSBG, 2021). b Information retrieved from Soil Maps, database of
Brazilian Institute of Geography and Statistics–IBGE, 1:250000 (IBGE, 2021), according the Brazilian
System of Soil Classification (EMBRAPA, 2018); Figure S1. X-ray Diffraction (XRD) of soil 1; Figure
S2. X-ray Diffraction (XRD) of soil 2; Figure S3. X-ray Diffraction (XRD) of soil 3; Figure S4. X-ray
Diffraction (XRD) of soil 4; Figure S5. X-ray Diffraction (XRD) of soil 5; Figure S6. X-ray Diffraction
(XRD) of soil 6; Figure S7. X-ray Diffraction (XRD) of soil 7; Figure S8. X-ray Diffraction (XRD) of soil
8; Figure S9. X-ray Diffraction (XRD) of soil 9; Figure S10. X-ray Diffraction (XRD) of soil 10; Figure
S11. X-ray Diffraction (XRD) of soil 11; Figure S12. X-ray Diffraction (XRD) of soil 12; Figure S13.
X-ray Diffraction (XRD) of soil 13; Figure S14. Variation of the physicochemical parameters (pH, EC
and Eh) measured during (A) Pb adsorption tests; (B) Cd adsorption tests.
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