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Abstract

Exposure of geomaterials to acidic leachates may compromise their structure and functionality due to changes in physicochem-
ical, mineralogical, and hydraulic behavior. The literature identifies the need to evaluate changes in a pure state and in conditions
of extreme acidity. This study aimed to evaluate changes in the chemical, mineralogical, and morphological properties of Osorio
fine uniform sand (OFS), basalt residual soil (BRS), kaolin (KAO), and bentonite (BEN) exposed to sulfuric acid in concentra-
tions of 0.00 mol/L (distilled water), 0.01 mol/L, and 1.00 mol/L. The tested samples were characterized using X-ray fluorescence
spectrometry, X-ray diffraction, thermogravimetry, differential scanning calorimetry, and scanning electron microscopy. The
acid attack on geomaterials by contact with the solution 1.00 mol/L has resulted in the solubilization of some constituent
minerals, as well as the formation of sulfate minerals, changes in the water dehydration peak in the pores, and mass loss. The
morphology of the sand and bentonite particles did not change with exposure to sulfuric acid. The acidic attack resulted in
changes in the morphology of the particles for BRS and KAO. The results of this study are important for determining operational
parameters of waste containment systems and contaminated areas, as well as for applying geomaterials as founding materials.
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Introduction

Percolation of chemically aggressive liquids, like acidic wa-
ters from the leaching of industrial and mining wastes, may
affect soil hydraulic behavior as a result of structure changes
due to particle flocculation and reduced reactiveness. Over
time, this outcome might compromise the functionality of
geotechnical materials in waste containment systems leading
to soil and groundwater contamination (Agbenyeku et al.
2016; Daniel et al. 1988; Hueckel et al. 1997; Knop et al.
2008). Furthermore, acid contamination of foundation soils
can cause damage to industrial structures (structures of factory
and industrial buildings) (Chavali et al. 2018).

In geoenvironmental and geotechnical applications, such
as waste containment systems and remediation of contaminat-
ed areas, mixtures of clayey and cement, with or without ben-
tonite, have been used to improve liners’ hydraulic and reac-
tive properties (Ghadr and Assadi-Langroudi2018;
Gueddouda et al. 2016; Miguel et al. 2017; Morandini and
Leite 2015; Wang et al. 2018). These soils also used in foun-
dations may be contaminated with acids from natural or an-
thropogenic processes (Chavali et al. 2018). Therefore, it is of
paramount importance to understand the behavior of such
materials when exposed to aggressive conditions, in contact
with inorganic acids (Chavali et al. 2017, 2018; Verastegui-
Flores and Di Emidio 2014).

According to Chavali et al. (2018), several studies ob-
served changes in the properties of soil contaminated by inor-
ganic acid solutions (such as sulfuric acid) with a pH ranging
from 3 to 6, which corresponds to natural conditions. The
authors emphasized the need for studying the response of soil
contaminated under more aggressive acidic conditions (pH
lesser than 1), such as soil from acidic leachate storage ponds
(Liu et al. 2013). In nature, the acidity of wastewater is derived
from sulfuric acid molecules generated by the oxidation of
sulfide minerals (for example, pyrite) in the presence of oxy-
gen and water; this process is associated with acid mine drain-
age that has low pH values (in the range 0.8—4) (Knop et al.
2008). The pH is thus reduced by the presence of the acid,
which increases the solubility of the soil and rock constituents.
Soil contamination by sulfuric acid can be caused by anthro-
pogenic processes, such as spills, leaks (Chavali et al. 2018),
the use of sulfate scrubbers (or other minerals) in coal plants
(Liu et al. 2013), or acid mine drainage (Agbenyeku et al.
2016; Buzatu et al. 2016; Miguel et al. 2017, Sucha et al.
2002).

Several studies have evaluated the effects of the exposure
of geotechnical materials to different chemically aggressive
solutions (Agbenyeku et al. 2016; Chavali et al. 2018;
Hamdi and Srasra 2013; Li et al. 2013; Miguel et al. 2017;
Sucha et al. 2002; Verastegui-Flores and Di Emidio 2014).
These studies show that contact with acid water can cause
mineralogical and physical-chemical changes in the

properties of soil due to interactions with reactive components
(Sucha et al. 2002), the reduced pH of the medium
(Agbenyeku et al. 2016; Gratchev and Towhata 2013;
Miguel et al. 2017), the dissolution of metals, the desorption
of chemical species (Agbenyeku et al. 2016; Miguel et al.
2017), and cation exchange reactions with the partial dissolu-
tion of minerals (Chavali et al. 2018). The percolation of sub-
stances with high acidity can cause changes in the hydraulic
conductivity of containment barriers consisting of clayey ma-
terials (Hamdi and Srasra 2013; Li etal. 2013; Liu etal. 2015).

In the study by Sucha et al. (2002), the acidification of the
dystric cambisol by acid mine drainage resulted in the forma-
tion of jarosite and of amorphous and/or lower crystalline
materials, rich in Si, Al, and Fe (mainly ferrihydrite). Miguel
et al. (2017) conducted leaching tests on a tropical soil using
acid mine drainage collected in a storage pond of uranium
mining. The authors identified that effluents with pH lower
than 6 promoted the formation of soil insoluble to the Al-F
complexes and Fe, as well as Mg desorption above the spec-
ification of the Brazilian legislation. They also observed that
the soil pH value decreases abruptly until the 6th month of
acid percolation, and then slowly decreases, reaching 3.3 in
the 12th month. According to Chavali et al. (2018), mineral-
ogical change due to cation exchange and partial dissolution
reactions reduces the swelling behavior of montmorillonite
soils. The swelling behavior of three bentonites was evaluated
by flooding soil under 1 N and 4 N sulfuric acid concentra-
tions (98%) and quantified until expansion ceased (approxi-
mately 100 h). Acidified bentonites showed formation of
sulfate-based minerals such as gypsum, halotrichite, potash
alums, soda alums, tamaruchite, and melanterite. Regarding
microstructure, the interaction with acid resulted in floccula-
tion of soil particles. The contamination of sodium bentonite
by H,SO, caused a reduction in the expansion of this clay
(116%), where equilibrium expandability of 67% and 50%
was detected as the acid concentration increased. These
changes in bentonite are due to the cation exchange process,
in which sodium ion is replaced by hydrogen ion, whose ionic
radius (0.012 ) is lower than that of sodium (1.02 ), resulting
therefore in smaller expansions. However, there is still the
need to know how the chemical, mineralogical, and morpho-
logical composition of geotechnical materials in pure state can
be affected by contact with contaminants on pH below 1.

To that end, this work describes the changes in the
chemical, mineralogical, and morphological properties of
OFS, BRS, KAO, and BEN that have been exposed to
sulfuric acid solutions. Understanding the effects of ex-
posure to sulfuric acid solutions with low pH values on
the properties of geomaterials is important in determin-
ing the operational parameters in geoenvironmental and
geotechnical applications, such as in situ waste contain-
ment, the insulation of contaminated areas, and the use
of geomaterials as founding materials. It is also
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important to understand the extraction processes for
chemical elements and metals present in these materials.

Materials and methods
Materials

The materials are OFS, BRS, KAO, BEN, and sulfuric acid.
The sand was collected from a deposit in Osorio, state of Rio
Grande do Sul (RS), Brazil. The clay soil used is BRS that was
collected from the experimental field at the Geotecnia
Ambiental do Centro Tecnologico (CETEC), University of
Passo Fundo (UPF), Passo Fundo, RS, Brazil. KAO was pur-
chased from a supplier of mineral products located in Pantano
Grande, RS, Brazil. The white sodium BEN was obtained
from a supplier at Soledade, state of Paraiba (PB), Brazil.
The materials’ description is shown in Table 1.

Methods

Material samples were air-dried and then oven-dried until
105 °C with hygroscopic moisture (3% to 5%). The samples
were subsequently passed through a 2.0-mm sieve, according
to NBR 6457 (ABNT 2016). The acidic attack on the material
was studied by batch tests adapted from Standard D4646-
03(ASTM 2008). The following variables were considered:
sulfuric acid concentration at 0.00 mol/L, 0.01 mol/L, and
1.00 mol/L and four geomaterials (OFS, BRS, KAO, and
BEN), resulting in 12 experiments.

The experiments consisted of inserting the samples of each
material into an Erlenmeyer of 2000 mL, in proportion of 1
part of the soil to 20 of solution (ASTM 2008). They were
kept immersed in the sulfuric acid solution and underwent
continuous horizontal stirring for 24 h under 215 rpm and
22 +5 °C. In the end of the shaking process, the samples were
decanted and centrifuged to separate the solid and liquid
phases. The centrifugation process was performed in a centri-
fuge at 3000 rpm for 10 min (USEPA 1996). The resulting
solid material was placed in porcelain capsules and oven-dried
under constant temperature of 40—50 °C until mass constancy.

The dried samples were placed in porcelain crucibles and
macerated and conditioned in plastic bag, sealed, and identi-
fied for further analyses.

The geomaterial characterization and the evaluation of the
changes in the particle properties were determined using X-
ray fluorescence spectrometry (XRF), X-ray diffraction
(XRD), thermogravimetry with differential scanning calorim-
etry (TG/DSC), and scanning electron microscopy (SEM).
The chemical composition was determined using the XRF
technical, in a pressed sample, using STD-1 calibration
(standardless) for non-standard analysis of the chemical ele-
ments between fluorine and uranium, in a fluorescence spec-
trometer of X-ray Bruker brand, S8 Tiger model.

The crystalline structure of the phases of the materials was
analyzed by XRD (Bruker model D8 Endeavor) with a
position-sensitive detector. The samples were scanned be-
tween two theta values of 2.5-70° with a step size of 0.02°.
The X-ray tube was operated at 40 kV and 35 mA. The iden-
tification of the crystalline phases was done by comparing the
sample diffractogram with the PDF2 database of the
International Center for Diffraction Data (ICDD) in the
X’Pert High Score software. To aid in the interpretation of
the mineralogical and chemical analyses, TG/DSC was per-
formed in TA Instruments® equipment, model SDT-Q600 V
20.9 Build 20 for thermal analysis in an inert or oxidizing
atmosphere until a temperature of 1400 °C was reached. To
study the surface topography of the particles, the samples were
analyzed using SEM, Tescan brand equipment, model Vega 3.
The following analytical conditions were used in the analyses:
backscattered electrons (BSE) with magnification of 800,
3000, 10,000, and 6000 times (OFS, BRS, KAO, and BEN
respectively), electron beam of voltage of 10 kV, and energy-
dispersive detector (EDS) mode.

Results and discussion
Chemical and mineralogical changes

Based on the chemical composition of the geomaterials sam-
ples (Table 2) and the XRD analysis (Figs. 1, 2, 3, and 4), the

Table 1 Description of materials

Material Description
OFS Fine, clean sand of uniform granulometry (ASTM 1993; ABNT 1995)
BRS Oxisoil humic (Streck et al. 2008); low- to high-liquidity clay (ASTM 1993)
KAO Low-plasticity inorganic silt (ASTM 1993)
BEN Inorganic clay of high plasticity (ASTM 1993)
Sulfuric P.A., Merck brand with purity 95-97% and density 1.84 g/cm®
acid Sulfuric acid solutions: 0.00 mol/L (pH of distilled water equal to 7 +2), 0.01 mol/L (pH 2), and

1.00 mol/L (pH 0)
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Table 2 Chemical composition

(XRF) of the studied geomaterial Sample SiO, ALOs Fe,04 K,0 NaO CaO TiO, SOs

samples (in percentage)
OFS 93.1 2.20 0.40 0.86 0.12 0.06 0.15 0.02
OFS distilled water 953 1.87 0.30 0.73 0.12 0.05 0.11 0.00
OFS 0.01 mol/L 94.1 1.87 0.29 0.72 0.11 0.04 0.09 0.05
OFS 1.00 mol/L 85.9 1.10 0.28 0.62 0.00 0.00 0.08 2.82
BRS 46.4 24.2 10.70 0.40 0.00 0.04 1.64 0.07
BRS distilled water 49.7 20.7 10.50 0.37 0.00 0.04 1.57 0.07
BRS 0.01 mol/L 48.8 229 11.20 0.43 0.00 0.03 1.67 0.37
BRS 1.00 mol/L 20.1 7.09 3.86 0.14 0.00 0.03 0.64 159
KAO 474 358 1.17 0.84 0.00 0.11 0.15 0.08
KAO distilled water 46.4 36.2 1.66 1.07 0.00 0.12 0.22 0.00
KAO 0.01 mol/L 457 33.6 1.21 0.93 0.00 0.10 0.16 0.22
KAO 1.00 mol/L 30.7 24.3 0.89 0.67 0.00 0.10 0.10 7.93
BEN 46.5 314 2.62 1.24 0.80 1.17 0.36 0.03
BEN distilled water 52.9 24.6 225 2.90 0.33 2.49 0.26 0.00
BEN 0.01 mol/L 48.2 25.9 3.09 1.14 0.33 1.14 0.41 0.30
BEN 1.00 mol/L 347 19.4 1.85 0.22 0.12 0.22 0.25 8.88

presence of quartz in the OFS has been verified and also was
corroborated by the high SiO, content (about 94%). The pres-
ence of kaolinite in BRS, KAO, and BEN has been also ob-
served, confirmed by aluminum content 0f24.2%, 35.8%, and
31.4%, respectively. The presence of hematite (10.7% F,0;
content) and quartz in the BRS, KAO, and BEN samples was
identified. All geomaterials had increased SO; content due to
their adsorption in the active sites of the materials. With the
exception of OFS, the others had shown the formation of
alunogen (sulfate mineral) in the samples exposed to the
1.00 mol/L acidic solution. Chavali et al. (2018) found that

black cotton soil flooded for 100 h in 4 N sulfuric acid solution
resulted in calcite dissolution, and formation of new alunogen
and bassanite minerals. According to the authors, changes in
the soil cation exchange complex and subsequent interactions
of cations and anions led to the formation of new minerals.
As can be seen in Table 2, the geomaterial samples exposed
to the acid attack showed significant loss of the main constit-
uent oxides, but these losses were less significant in the OFS.
The OFS exposed to the 1.00 mol/L solution showed a SiO,
content of 85.9%, while the other samples had an average
content of 94%, corresponding to a reduction of around 9%.

Fig. 1 XRD analysis of OFS 70000 ¢ — OFS
samples —— OFS 0.00 mol/L
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—— OFS 1.00 mol/L
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Flg. 2 XRD analysis OfBRS 16000 - Q BRS
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CO - Coquimbite (Fep(SO4)3(9H,0)); P - Pyrofillite (Aly(Si4O1)(OH)y));
M - Microcline (KAISi3Og): A - Alunogen (Aly(SO4)3(17H,0))

The OFS had the lowest reduction of SiO, because it mostly
consists of quartz, and the sulfuric acid attacked the geomate-
rials’ amorphous phase. This is in line with the findings of
MacCarthy et al. (2014), who found that the dissolution rate
of Si0; is not very significant and is lower than the observed
rate for hematite in lateritic soil under pH of 1.

MacCarthy et al. (2014) state that the solubility range for
quartz under 25 °C corresponds to the dissolution of

amorphous silica. The authors also report that the presence
of Fe, Al, Mg, Si, and Na in the minerals also affected the
adsorption and the attack of the H" ions on the active sites of
the quartz and hematite particles. In the quartz, the liberation
of Si and Na occurred, with faster and preferential liberation of
Na. In the hematite, the dissolution of Fe was followed by that
of Al. In addition, there was a 56.7% loss of SiO, in the BRS,
while in the OFS it was 7.7%. This is because in the pH 0

Fig. 3 XRD analysis of KAO 3000 H K — KAO
samples I —— KAO 0.00 mol/L
2700 A K K l —— KAO 0.01 mol/L
K Q K —— KAO 1.00 mol/L
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I K K Q
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5 1500 | I
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Position (260)

Q - Quartz (SiO,); K - Kaolinite (Aly(SiyO5)(OH)4): M - Microcline (KAISi3Og);|
MU - Muscovite (KAl,(Si3A)O;((OH, F),); A - Alunogen (Aly(SO4)5(17H,0))
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Fig. 4 XRD analysis of the BEN
samples
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solution the dissolution rate of silicates was controlled by
other constituent oxides present in a higher concentration in
the BRS than in the OFS, as OFS mostly consists of
SiO,(Brady and Walther 1989). This is because at high pH
values the Si surface sites are deprotonated, and the control of
the total dissolution rate of the silicate occurs by the displace-
ment of the Si. The zero charge point for SiO,(quartz) is at low
pH values, around 2.4, and at 25 °C. This corresponds to the
pH at which the surface charge is controlled by the other
constituent oxides, in which case the release of non-
constituent oxides of the silicon structure determines the rates
of dissolution of multiple silicate oxides. In the samples of
geomaterials 0.00 mol/L (distilled water) and 0.01 mol/L there
was an increase in SiO, content in relation to the untested
geomaterial; this difference is small and considered negligible,
varying according to the representativeness of the sample.

It should be noted that in this study, the exposure of sandy,
silty, and clayey geomaterials to the distilled water (pH~6.5)
and the 0.01 mol/L (pH 2) sulfuric acid solution did not cause
SiO, dissolution of the material structure. However, the con-
tact with the pH 0 acidic solution resulted in a SiO, content
reduction of 7.73% for OFS, 57.59% for BRS, 35.25% for
KAO, and 25.38% for BEN. This case can be explained by
the fact that, at extreme pH levels (<2), the surface of the
quartz mineral has the highest concentration of protonated
sites, resulting in a higher rate of dissolution. In the pH range
of 2 to 4, the neutral sites dominate and, as the dissolution of
these sites is lower, the rate of dissolution is reduced. In the
higher pH ranges, the number of deprotonated sites increases,
resulting in a new rate increase (Nangia and Garrison 2010).
The higher solubility observed for BRS, KAO, and BEN
shows a loss related to the SiO, present in clayey minerals,
according to the mineralogy described in Fig. 1.

Figure 1 shows the comparative diffractograms of pure
OFS samples and of the samples exposed to sulfuric acid
under different concentrations. It has been verified that there
were little changes in the geomaterial composition, as approx-
imately 94% of the sample is composed of quartz (Table 2)
and this mineral is not very reactive to sulfuric acid. This is in
line with the study by Knauss and Wolery (1988), wherein the
evaluation of the dissolution kinetics of quartz under pH range
of 1.4-11.8 at 70 °C demonstrated that the rate of dissolution
of the mineral is more pronounced in pH 8. This is also in line
with MacCarthy et al. (2014), who report the slow release of
Si under pH 1 and 25 °C.

According to the XRF analysis, the OFS 1.00 mol/L sam-
ple had more significant chemical changes in the oxide con-
tent, thus corroborating the XRD data that revealed the albite
dissolution and gibbsite formation, probably due to the expo-
sure to the acidic pH 0 solution, and under agitation for 24 h
promotes acceleration of the contact of soil particles with acid.
These conditions correspond to an extreme environment that
simulates long term. That solution and a temperature of 22 +
5 °C were the conditions that resulted in the dissolution of the
albite in the OFS, as it is reported that this process occurs
under pH of 1-4 at a temperature of 25-90 °C (Rose 1991).
Furthermore, the formation of gibbsite is probably due to the
loss of silica from the structure of the material, as demonstrat-
ed by XRF analysis. According to Blight and Leong (2012),
the gibbsite formation occurs as there is silica loss and pres-
ence of aluminum oxide in the free phase.

The XRD analysis of the BRS samples revealed that the
main minerals in this soil are quartz (SiO»), kaolinite, hema-
tite, and anatase (Fig. 2). The presence of microclinic,
alunogen, coquimbite, and pyrophyllite has been identified
and the absence of hematite and anatase in the sample exposed
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Fig. 5 TG and DSC analyses of 100 100:0% 03
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to the extreme acid attack. The loss of these minerals in the
BRS 1.00 mol/L (pH 0) sample occurred because the acidic
attack caused more significant loss of Fe,O3 and TiO,, ac-
cording to XRF data. The alunogen, identified in the BRS
1.00 mol/L sample, corresponds to one of the hydrated sul-
fates formed through the acid weathering of aluminosilicates
(Kosek et al. 2018) and the aluminum precipitation in extreme
acidity (Buzatu et al. 2016; Gil 2016; Hudson-Edwards et al.
1999). In the BRS 1.00 mol/L sample, the presence of iron
sulfate, coquimbite, is an indication of high oxidation condi-
tions. In other studies, this mineral was verified in acidic
wastewater soils with pH less than 2 (Buckby et al. 2003;
Gil 2016; Hudson-Edwards et al. 1999) and in areas affected
by acid mining drainage (Buzatu et al. 2016). Sucha et al.
(2002) reported the presence of pyrophyllite, also identified
in the BRS 1.00 mol/L sample, in dystrophic cambisol with a

Fig. 6 TG and DSC analyses of 1009 1001
BRS samples
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mean pH of 2.3 that was strongly affected by acidic mining
drainage.

The XRD analysis of the KAO samples (Fig. 3) confirmed
there was little change in the composition of KAO before the
acidic attack, compared to the other materials analyzed, be-
cause the crystalline phase of kaolin was not reached due to
kaolinite being a mineral with low chemical reactivity. The
geomaterial samples exposed to sulfuric acid changed signif-
icantly in terms of oxide content (Table 2) but retained the
main constituent minerals. This is because KAO mainly con-
sists of silicates the dissolution pH range of which does not
include the values of this study (pH 2 and pH 0), as a large
number of minerals in this class undergo dissolution under pH
range of 5-12 at 25 °C (Brady and Walther 1989). The pres-
ence of alunogen has been also verified in the KAO
1.00 mol/L sample.
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1 - Dehydration of pore water; 2 - Dehydroxylation of kaolinite (Santos, 1989)
3 - Crystallization of Amorphous Aluminum (Kauffaman and Dilling, 1950)
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Fig. 7 TG and DSC analyses of 100.0 1 r 030
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The XRD results for the BEN samples (Fig. 4) show the
presence of montmorillonite (BEN 0.01 mol/L) and alunogen
(BEN 1.00 mol/L) and the calcite and hydrobiotite loss in both
samples. The acidic attack may have caused the dissolution of
the calcite in the BEN 0.01 mol/L and BEN 1.00 mol/L sam-
ples because the contaminant solutions had lower pH values
(2 and 0, respectively), as the dissolution of this mineral by
mass transfer was reported in regions of pH below 4 and 25 °C
(Berner and Morse 1974; Morse and Arvidson 2002). Under
these conditions, the dissolution rate is proportional to the
concentration of H* ions, and it is independent, under pH
higher than 5.5 (Sjoberg and Rickard 1984).

Figure 5 shows the TG and DSC results for the OFS sam-
ples and the observed thermal events. It has been verified that
only the sample exposed to the most concentrated acid solu-
tion showed a significant mass in thermal event 1, character-
ized by dehydration of the pores. In the OFS 1.00 mol/L sam-
ple, event 2 is identified, which corresponds to the

Fig. 8 TG and DSC analyses of
BEN samples

endothermic peak of gibbsite. This corroborates the XRD re-
sults in which gibbsite formation was observed. However, the
acidic attack has not caused the change in the peak that char-
acterizes polymorphic transformations of x-quartz to 3-quartz
(event 3). It has been observed that during the heating only the
OFS 1.00 mol/L sample lost significant mass, equivalent to
15.06%. Most of this reduction occurred when the tempera-
ture reached 220 °C and hovered around 2% until the end of
the analysis. This evidence confirms that the exposure under
1.00 mol/L sulfuric acid modifies the quartz resistance with
respect to the dehydration of adsorbed water and is also related
to the formation of the hydrated mineral gibbsite (Fig. 1),
which may have contributed to the loss of mass of the OFS
1.00 mol/L sample. The other samples have shown mass gain
in the end of the test resulting from secondary reactions in the
heating chamber.

The TG and DSC results for the BRS samples (Fig. 6) show
reductions in the thermal event values for BRS exposed to the

TG - BEN

TG - BEN 0.00 mol/L
TG - BEN 0.01 mol/L
TG - BEN 1.00 mol/L
DSC - BEN
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Thermal events (Santos, 1989): 1 - Dehydration of pore water; 2 - Exothermic "eye": loss of water and exchangeable cations;
3 - Iron-rich dehydroxylation; 4 - Destruction crystalline structure; 5 - Recrystallization of smectite
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Fig. 9 Morphology of a the OFS particles, b the OFS 0.00 mol/L, and ¢ the OFS 1.00 mol/L; d magnification with chemical map and distribution of the
elements
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Fig. 10 Morphology of a the BRS particles, b the BRS 0.00 mol/L, and ¢ the BRS 1.00 mol/L; d magnification with chemical map and distribution of the
elements
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Fig. 11 Morphology of a the KAO particles, b the KAO 0.00 mol/L, and ¢ the KAO 1.00 mol/L; d magnification with chemical map and distribution of
the elements
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Fig. 12 Morphology of a the BEN particles, b the BEN 0.00 mol/L, and ¢ the BEN 1.00 mol/L; ¢ magnification with chemical map and distribution of
the elements
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1.00 mol/L acid solution. In this sample, the endothermic peak
of dehydration of adsorbed water (event 1) occurred under a
temperature of 114.65 °C and was observed at lower temper-
atures in the other samples. The transformation peak of kao-
linite to metakaolinite (dehydroxylation) (event 2), which for
kaolinitic soils should occur in the temperature range of 450 to
600 °C (Santos 1989), was identified in 774 °C in the BRS
1.00 mol/L sample. The reduction of the value of event 3 has
been also observed, characterized by the exothermic peak of
crystallization of the amorphous aluminum, in the BRS
1.00 mol/L sample. These changes may have occurred as a
result of reactions between the soil and sulfuric acid com-
pounds, the content reduction of the main constituent oxides,
and the increase in the SO concentration. This was confirmed
by the formation of coquimbite and alunogen, according to the
XRD results. The BRS 1.00 mol/L. sample also showed the
maximum mass loss, corresponding to 49.55%. This occurred
because the acidic attack caused the formation of hydrated
minerals and sulfates, such as pyrophyllite, coquimbite, and
alunogen, identified by XRD (Fig. 2).

Figure 7 shows the TG and DSC results for the KAO sam-
ples and the identified thermal events. It can be seen that the
sample exposed to the 1.00 mol/L acid solution showed a
more significant mass loss in thermal event 1, which corre-
sponds to dehydration ofthe pores. A mass loss 0f26.93% has
been verified for the KAO 1.00 mol/L sample, the maximum
reduction among the samples. Another factor that may have
contributed to this mass loss is the alunogen formation.

The TG and DSC analyses of the BEN samples are shown
in Fig. 8, along with the major thermal events. In the other
samples, the BEN exposed to the 1.00 mol/L sulfuric acid
solution has shown changes in the peaks that characterize
the loss of moisture/adsorbed water (event 1) and the loss of
exchangeable cations (event 2), such as Ca®* and Na*. This is
corroborated by the XRF data that has demonstrated the re-
duction of the CaO and Na,O contents and the temperature
modification that marks the destruction of the crystalline
structure (event 4). Furthermore, the BEN 1.00 mol/L sample
was the one that has suffered the largest loss of mass, 30.47%,
which may also have occurred by the alunogen formation
because it is a hydrated mineral (Al,(SO4);(17H,0)) that con-
tributed to the greater loss of water in the sample (Fig. 4).

Microstructure analysis

Figures 9, 10, 11, and 12 show SEM images of the pure
geomaterials and those submitted to the acid solutions under
range (distilled water and 1.00 mol/L). SEM analysis showed
that the acidic attack does not seem to have caused changes in
the particle morphology of the OFS samples (Fig. 9), which
are relatively rounded and uniform, as described by Forcelini
et al. (2016). It has been also possible to observe the hetero-
geneous arrangement of small particles of the sand particles
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subjected to the extreme sulfur attack (Fig. 9¢, d) which per-
haps were composed of sulfur and other products of acid at-
tack reactions to the OFS (Fig. 9d).

BRS and KAO are small, stacked, squamous particles
forming agglomerates (Figs. 10 and 11). Figure 10c, d shows
the noticeable surface changes of the 1.00 mol/L BRS sample,
and Fig. 10d shows the formation of chemical elements de-
posited on the particles. Figure 11b shows the deposition of a
large amount of elements on the particles of the 0.01 mol/L
KAO sample. The same was observed in the 1.00 mol/L KAO
sample. The acidic attack resulted in more voids between the
particles (Fig. 10c—d). The morphology of BEN, characterized
by clusters of clay minerals and quartz that make up small
dispersed particles in the sample (Fig. 12) and which has been
preserved against exposure to the acidic contaminant, is sim-
ilar to that of the clay in nearby municipalities, such as Cubati
and Pedra Lavrada (PB)(Tonnesen et al. 2012), which has
been preserved against exposure to the acidic contaminant.

Conclusions

This study described the changes in the chemical, mineralog-
ical, and morphological properties of OFS, BRS, KAO, and
BEN exposed to sulfuric acid solutions. Exposure to the
1.00 mol/L solution has caused significant reductions in the
main constituent oxide content but a less significant reduction
in the OFS and an increase in the SO5 content.

The acidic attack under 1.00 mol/L also resulted in miner-
alogical changes in the geomaterials through partial dissolu-
tion of minerals and formation of new minerals, as well as
greater loss of mass.

In the studied geomaterials, after exposure to the acid, no
changes in the morphology of the OFS and BEN particles
have been observed. However, the acidic attack resulted in
changes in the BRS and KAO particles, with the formation
of deposits of chemical elements and voids between the par-
ticles. Geomaterial chemical and mineralogical and effluent
pH composition are key factors for higher or lower reactivity
as acid contaminant.

The evidence described in this study demonstrates that the
contact of geomaterials with sulfuric acid over time will neg-
atively impact their structure and capacity to retain contami-
nants, or as foundation materials exposed to acidic wastewa-
ter. The information presented is relevant for determining the
operating conditions for extracting compounds or metals of
interest from geomaterials containing sand or silt.
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