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Heavy metal pollution, particularly from copper, is a significant environmental challenge. This study
investigates the impact of thermal treatment on the geotechnical and geo-environmental properties
of copper-contaminated dispersive soil under temperatures ranging from 25 °C to 900 °C. The results
demonstrate that temperature significantly alters soil properties, including pH, electrical conductivity
(EC), unconfined compressive strength (UCS), thermal gravimetric, plasticity, and permeability. Among
the factors influencing copper absorption and retention, cation exchange capacity (CEC), specific
surface area (SSA), and carbonate content play critical roles, with carbonate content being the most
influential. At 500 °C, despite a 56% reduction in CEC and a 37% decrease in SSA, the ability to absorb
and retain copper increases significantly. Structural changes observed via SEM and XRD analyses
reveal a transition from dispersed to flocculated, and ultimately to crystalline and porous structures,
with the formation of new phases such as copper oxide (CuO) and mullite at higher temperatures.
Notably, 300 °C shows the most effective pollutant retention, with a 13% increase in permeability and
a fourfold increase in UCS, while 96% of the copper pollutant is absorbed. The soil remains classified in
the CL range. This study highlights the potential of thermal treatment for improving the properties of
copper-contaminated soil, reducing environmental risks, and enabling the stabilization and recycling
of contaminated soils for use in construction materials.
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The rapid expansion of mining and industrial activities has led to widespread contamination of soils, making
it one of the foremost environmental concerns globally!. Heavy metals, such as copper, are particularly
problematic, given their persistence and potential for leaching into the environment, posing risks to both
ecosystems and human health?. As a transition metal, copper exists in various oxidation states (Cu (I) and Cu
(I1))%, which contribute to its high mobility in soils and its detrimental effects on both terrestrial and aquatic
ecosystems®. Excessive copper concentrations in soils can disrupt biological systems, leading to severe health
issues, particularly liver damage and dysfunction of the digestive and nervous systems®.

Among various soil remediation techniques, thermal treatment has garnered attention for its effectiveness
in stabilizing and solidifying heavy metal-contaminated soils>*”. Thermal methods are often favored for their
simplicity, speed, and ability to reduce the mobility of contaminants by turning them into more stable forms®°.
However, the effects of different thermal conditions on the behavior of dispersive soils, particularly those
contaminated with copper, remain insufficiently explored. Previous studies have demonstrated that heating
can significantly alter the physical, mechanical, and microstructural properties of soils, including pH, electrical
conductivity, permeability, and unconfined compressive strength!®-2. Furthermore, temperature has been
shown to play a critical role in mineralogical transformations, which impact the retention and immobilization
of heavy metals in contaminated soils>!>.

In this context, dispersive clay soils are particularly relevant due to their structure and properties, such as
high specific surface area and significant cation exchange capacity, which enhance their ability to act as buffers
in pollutant containment!®!4. The absorption and retention of heavy metals in these soils are governed by several
factors, including cation exchange capacity, specific surface area, and the presence of carbonate content. Among
these, carbonate content plays a decisive role, as it influences the solubility and adsorption capacity of heavy
metals like copper?!>16, Recent studies on the impact of heat on dispersive soils suggest that temperatures above
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300 °C lead to significant structural changes, which include the dehydration of soil moisture, as well as the
formation of new minerals and the collapse of the soil’s dispersed structure into a more flocculated and solid
form!®1217_ These changes can enhance the retention capacity of the soil, particularly with regard to copper
contaminants'®.

Despite the substantial body of research on the influence of thermal treatment on soil properties, much remains
to be understood, especially concerning the combined effects of temperature and soil mineralogy on heavy
metal stabilization. Most studies have focused on isolated factors such as chemical additives, irrigation practices,
or the role of specific minerals!®!®, but there is a need for more comprehensive investigations that consider a
wider range of thermal conditions. On the other hand, advancements in computational modeling, such as the
development of unconstrained stress updating algorithms, offer valuable tools for simulating soil behavior under
thermal stress?>?!. By incorporating microscale details into macroscopic models, these approaches enhance our
ability to predict soil response to changing thermal conditions, facilitating more accurate geotechnical analyses.
Such research could provide valuable insights into the long-term environmental stability of thermally treated
soils, especially in terms of their mechanical properties, pollutant retention, and potential applications in fields
such as construction material development.

This study aims to address these gaps by exploring the effects of heat treatment on copper-contaminated
dispersive soils across a wide range of temperatures (25 °C to 900 °C). Through the use of various analytical
techniques, including X-ray diffraction (XRD), scanning electron microscopy (SEM), and thermal gravimetric,
cation exchange capacity (CEC), carbonate percentage, specific surface area (SSA), this research investigates the
thermal-induced changes in soil structure, pollutant absorption, and overall soil stability. Ultimately, the findings
will contribute to the understanding of thermal treatment as a viable method for stabilizing contaminated soils
and provide new avenues for utilizing such soils in the production of eco-friendly construction materials.

Materials and methods

Dispersive soil

In this study, natural dispersive soil was used to conduct behavioral experiments. All experiments were performed
on a sample of natural dispersive soil collected from the city of Buyin-Zahra, located in the southern part of
Qazvin province in the central plain of Iran, with geographical coordinates 36°10°78.01” N and 50°06°63” E (as
shown in Fig. 1). For soil sampling, approximately fifty centimeters of the weathered surface soil was removed
to minimize the effects of weathering. The soil was then collected from the designated location using manual
excavation in an undisturbed state and transported to the laboratory in 10 kg plastic bags for further analysis,
including mechanical and microstructural tests to identify and stabilize the soil properties.

The purpose of this selection was to investigate the factors of morphology, dispersive potential, carbonate
content, cation exchange capacity (CEC), and specific surface area (SSA) of dispersive soil. Each of these factors
was analyzed to determine geotechnical and geo-environmental characteristics in heat treatment on dispersive
soil containing copper heavy metal pollutant. According to the Unified Soil Classification System (USCS), the
dispersive soil under study is classified as clay with low plasticity (CL), and 95% of its weight has passed through
the No. 200 sieve. The characteristics of this soil include the presence of 11.5% carbonate, the SSA of 36.28 m?2/ g,
CEC of 28.36 cmol/kg-soil, high dispersive potential (PD) of 84%, a liquid limit (LL) of 36, a plasticity limit
(PL) of 18, and an unconfined compressive strength (UCS) of 0.43 MPa. The full specifications of the sample are
presented in Table 1.

Sample preparation

In Fig. 2, the soil sampling and sample preparation methods used in this study at different thermal levels are
presented. This figure provides a visual overview of the various stages of the process, including soil collection
from the study area, preparation of copper-contaminated samples, curing of the samples, and conducting
thermal treatment operations.

Aqueous copper nitrate (Cu (NO,),-3H,0) with a purity of 99.9% (CAS: 1.02735.1000, Mw: 241.60 g/mol)
from Merck Chemical Company was used to prepare the metal ion pollutant. To model the effect of heat on
copper-contaminated soil, the soil was initially artificially contaminated with a concentration of 25 cmol/kg-soil.
For this purpose, 100 g of sieved natural divergent soil (Figs. 2A and B) was mixed with one liter of contaminant
solution (at a 1:10 ratio) in 1.5-liter bottles. The resulting suspension was placed on an electric shaker for 3 h
daily over a period of 3 days to homogenize and allow the soil to absorb the contaminant (Fig. 2-C). Finally, the
samples were stored at room temperature for one week to allow the system to fully homogenize and ensure the
necessary cation exchange. The resulting soil-contaminant suspension was poured into glass dishes for drying
(Fig. 2D) and dried in an oven at 60 °C (Fig. 2E and F).

The amount of the selected pollutant was determined based on the reported pollutant range and around the
cation exchange capacity (CEC) of the soil, to assess the role of CEC in the pollutant retention phases>!®. The
amount of copper nitrate contamination was obtained using Egs. (1) and (2), and then the calculated amount
was weighed using a digital balance with an accuracy of 0.0001 g place'®.

= — i i : 1
1000 (with a ratio of 1:10) )]

Cu=M x Vx 241.6 (2)
In this equation, P represents the desired pollutant amount in (cmol/kg-soil), V represents the volume of the

pollutant solution in liters (here V is equal to 1 L), Cu is the amount of copper nitrate obtained in (g), and 6.241
is the molar mass of the consumed copper nitrate.
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Fig. 1. Geographical location of the study area in Buin Zahra, Qazvin Province, Iran. The base map imagery
was sourced from Bing Maps and processed in ArcGIS 10.4.1 (https://www.esri.com/en-us/about/about-esri/o
verview).

Clay fraction <2 pm (%) 51 ASTM D422

pH (1:10; soil: water) 10.8 ASTM D4972

EC (1:10; soil: water) 1.66 ASTM D4972
Carbonate content (%) 11.5 Hesse, 1971

CEC (cmol/kg-soil) 28.36 gi:igf:olt 92:}r16d
ESP (%) 72 Sherard et al.,1977
SSA (m%/g) 36.28 Eltantawy and Arnold, 1973
Strength Parameters ASTM D3080

C (kPa) 25

Friction angle ¢° 15

UCS (kPa) 410 ASTM D2166
Liquid limit (%) 36 ASTM D4318
Plastic limit (%) 18 ASTM D4318
Plasticity index (%) 18 ASTM D4318
Optimum water content (%) 18.4 ASTM D698
Maximum dry density (g/cm?) 1.78 ASTM D698
Percent Dispersion (%) 84 ASTM D4224
Crumb (Final Grade) 4 ASTM D6572
USCS classification CL ASTM D422-87
Mineral composition using XRD analysis | Kaolinite, Illite, Calcite, Quartz, Dolomite, Feldspar | ASTM D2216

Table 1. Geotechnical and environmental geotechnical characteristics of the studied dispersive soil.
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Fig. 2. Demonstration of soil sampling and sample preparation methods at different temperature levels.

In this study, to prepare 100 g of polluted divergent soil with an impurity amount of cmol/kg-soil 25, the
required amount of copper nitrate was calculated as follows:

25

Cu = 0.025(™2) x 1(L) x 241.6(-Z;) = 6.04(gr)

For the experiments, the dry copper-contaminated samples were crushed using a plastic hammer and passed
through a 40-mesh sieve. The samples were then exposed evenly to temperatures ranging from 100 °C to 900 °C
for 2 h. The furnace temperature was automatically increased at a rate of 5 °C per minute until the desired
temperature was reached. Once the desired temperature was attained, the samples were held at that temperature
for 2 h. Afterward, the furnace was turned off, and the samples were kept at a constant temperature for 2 h. After
reaching the desired temperature, the samples were placed in a sealed container and allowed to cool down to

room temperature'”.

Methodology

In this study, to determine the geotechnical and geo-environmental characteristics of natural dispersive soil at
25 °C, the following tests were performed: Double Hydrometer Tests (ASTM D4224), Determination of Crumb
Dispersive Percentage (ASTM D6572), Standard Density (ASTM D698), Atterberg Limits (ASTM D4318),
Direct Shear Test (ASTM D3080), Unconfined Compressive Strength (ASTM D2166), and Determination of pH
and Electrical Conductivity (EC) (ASTM D4972). The results are presented in Table 1.

To investigate the effect of heat on the physical and chemical characteristics of the samples, cation exchange
capacity (CEC) tests, determination of carbonate percentage, and specific surface area (SSA) were performed on
natural dispersive soil at temperatures of 25 °C, 100 °C, 300 °C, 500 °C, 700 °C, and 900 °C. These experiments
were conducted to explain and evaluate the role of each factor in the ability to absorb and retain the heavy metal
pollutant copper (Cu?") in the thermal stabilization process.

Additionally, to investigate the effect of heat treatment on the stabilization process of dispersive soil containing
heavy metal copper, the following tests were performed on soil containing 25 cmol/kg-soil of heavy metal
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copper (Cu?*) pollutant at temperature levels from 25 °C to 900 °C: Atomic Absorption Spectrometry (AAS),
X-ray Diffraction Analysis (XRD), Scanning Electron Microscope (SEM) Imaging, Determination of pH and
Electrical Conductivity (EC), Thermal Gravimetry, Atterberg Limits, Permeability Coefficient, and Unconfined
Compressive Strength (UCS). Figure 3 shows the experiments conducted on copper-contaminated soil samples
under various thermal conditions. The figure includes images of the following tests: double hydrometer test (A),
crumb dispersion test (B), Atterberg limits (C), unconfined compressive strength (D), permeability coefficient
determination (E), pH and electrical conductivity measurements (F), cation exchange capacity (G), and atomic
absorption spectroscopy (H). These tests were performed on copper-contaminated samples that were heat-
treated at temperatures ranging from 25 °C to 900 °C to assess their physical and chemical properties.

The measurement of CEC of dispersive soil at thermal levels was obtained using the BaCl, substitution
method??. The titration method was also used to measure the amount of carbonate in dispersive soil at thermal
levels?®. Soil SSA measurement was performed using BET analysis by the Belsorp mini II device with the help
of nitrogen absorption. Sample preparation for this test included drying the samples at room temperature and
grinding them to pass through the No. 40 sieve. Before the BET test, each sample was degassed for 15 h at 120 °C
under vacuum suction and its mass was recorded®*.

The permeability test was performed by the falling head method based on ASTM D2434-19 to measure the
permeability coefficient. For this purpose, the samples with optimal moisture and maximum dry density were
compacted in 5 x 10 centimeters molds in 5 layers. Then, the samples with distilled water were subjected to the
UCS test under controlled strain conditions according to ASTM D2166 with a constant loading rate (strain rate
0.1 mm/s). Cylindrical samples with a diameter of 48 mm and a height-to-diameter ratio of 2 were made in three
equal layers with optimal moisture and maximum dry density. To prevent significant changes in water content,
the samples were wrapped in plastic foil and kept at an ambient temperature of 24 +2 degrees Celsius for seven
days to ensure moisture balance. The samples were saturated with distilled water as the permeable liquid, and
the permeability test was performed?®.

To investigate the effect of heat treatment on the stabilization process of dispersive soil containing heavy
metal copper, the soil suspension equilibrium test was used. For this purpose, a series of heavy metal retention
tests were conducted using the soil suspension equilibrium method at a concentration of 25 cmol/kg-soil?®. One
gram of the soil-electrolyte suspension dried at temperatures of 25 °C to 900 °C was weighed with an accuracy
0f 0.001 g and poured into a 50 ml centrifuge tube. Then, 50 ml of distilled water was added. This soil-electrolyte
suspension was thoroughly stirred by an electric shaker for three hours. After keeping the samples for 24 h to

Fig. 3. Demonstration of various experimental tests on contaminated soil at different thermal levels.
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establish equilibrium conditions, this process was repeated again for three hours using an electric shaker. This
process was repeated for seven days to ensure complete cation exchange. After this step, the liquid phase of the
sample was separated from the solid phase of the soil by a centrifuge at a speed of 3000 rpm. The concentration
of copper ions in the separated liquid phase was analyzed using an atomic absorption spectrometer (AAS) model
GBC 932 AB Plus.

pH values of the soil-electrolyte suspension for all samples were measured according to the ASTM D49721-
13 standard. The EC of the samples was also measured using a Lovi Bond device. To prepare X-ray samples
(XRD), 5 to 7 drops of the suspension from all samples were poured onto a glass slide using a micropipette.
After drying, the samples were tested with a Siemens-Diffractometer D8 Advance X-ray diffraction machine. To
examine the structure and morphology, the samples were analyzed using a TESCAN-Vega3 scanning electron
microscope after gold plating!®?’.

Discussion and investigation

The effect of heat on the durability of the microstructure characteristics of dispersive soil
contaminated with copper

The effect of thermal treatment on changes in pH and EC of dispersive soil containing copper pollutant

The changes in pH and EC of the dispersive soil containing copper pollutant at thermal levels of 25 °C to 900 °C
after 14 days are shown in Fig. 4. The pH of the normal soil is about 10.8, which has been reduced to 8.4
by adding 25 cmol/kg-soil of copper pollutant to the soil. By increasing the temperature to 100 °C, the pH
value decreased by about 0.02 units, which is not a significant change. The activation of heavy metal pollutant
maintenance mechanisms depends on the pH value of the environment?®-3°. The presence of copper heavy
metal lowers the pH of the system for two reasons. First, when the metal pollution is dissolved in water, hydrated
ion is produced, and the metal cation in the solution is hydrolyzed and converted into the form of metal string
complexes, resulting in a decrease in pH. On the other hand, the release of H* ions due to the adsorption of Cu?*
metal ions on the clay surface leads to a decrease in pH. Equation 3 is related to hydrolysis, and the result of this
reaction is the precipitation of copper hydroxide in the soil and a decrease in pH!>23:31,

M** + nH.0 <« M (OH), > ™™ +nH" (3)

By applying heat to 300 °C, the pH increased by 2.7 units and reached 11.1 units. Meanwhile, the pH of the
sample did not change significantly at the thermal range of 300 °C to 500 °C. In this range, copper nitrate
undergoes thermal decomposition, releasing nitrogen dioxide and oxygen gases. The decomposition reaction
can be shown as Eq. (4) *2.

QCU(N03)2 — 2Cu0O + 4NO3 + O (4)
In the thermal range of 300 °C to 500 °C, the formation of copper oxide (CuO), which is a basic oxide, leads to
an increase in pH. In addition, the emission of nitrogen dioxide (NO,) and oxygen (O,) gases can contribute

to the pH change by altering the balance of dissolved gases in the suspension®'. Therefore, the increase in pH is
due to two reasons: the burning and thermal decomposition of copper nitrate destroy the acidity and increase
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Fig. 4. The effect of heat treatment on pH changes and EC of heterogeneous soil containing copper pollutant.
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the pH. The decrease in soil acidity in this range is due to the beginning of the dehydroxylation process of clay
minerals in contaminated soil, including kaolinite, which leads to the release of cations and the reduction of
OH' groups®.

According to Eq. 5 %, with the increase in temperature and the decomposition of calcium carbonate in the
dispersive soil, CaO and CO, are released at temperatures higher than 700 °C. Two mechanisms occur: (1) CO,
reacts with water (H,0) and forms a weak acid (H,CO,); (2) Quicklime (CaO) reacts with water and forms
hydrated lime (Ca (OH),).

The first reaction increases the acidity of the soil, while the second reaction increases the pH due to lime
hydration and pozzolanic reactions. According to the results of Fig. 5, at 700 °C, with the release of 4.68%
carbonate content and the formation of primary cement compounds at this temperature and some pozzolanic
reactions during dehydroxylation, the pH of the sample increased by 1.41 units to 12.45. By applying heat of
900 °C, calcium-containing compounds lead to the creation of crystalline structures, and the amount of calcium
oxide in the soil decreases. As a result, the pH of the sample decreased by 1.4 units and reached 11.05 10:35:3,

CaO + H,0 — Ca(OH), (5)

534

The results of Fig. 4 show that the EC of the natural dispersive soil is about 1.66 mS/cm, which has reached a
maximum of 7.98 mS/cm by adding 25 cmol/kg-soil of copper pollutant to the soil. Electric current is carried
by ions (cations or anions) in solutions, and EC is determined by the contribution of all ions present in the
solution. Cu®* changes the ionic composition of the soil solution and increases the concentration of charged
particles (ions). H* ions are among the most mobile cations and can lead to a decrease in pH3!. According to
the relationship between pH and EC, a decrease in pH means an increase in the concentration of H* ions, which
causes an increase in EC'®.

By increasing the temperature up to 100 °C, the EC value decreased to 5.18 mS/cm. At this temperature,
some chemical changes occur, such as the formation of solid sediments, the formation of new complexes, and
the adsorption of ions on the surfaces of solid soil particles. These changes reduce the number of free ions in the
solution and, consequently, decrease the EC3L At the temperature of 300 °C, the value of EC decreased by about
62% to 3 mS/cm. The evaporation of pore water, which is a source of H* and OH" ions, leads to a decrease in
EC?3. By applying heat of 500 °C and starting the dehydroxylation process, the EC value decreased by 92% to 0.66
mS/cm. This temperature range leads to the thermal decomposition of copper nitrate, breaking the molecular
structure and creating materials with low conductivity properties. Additionally, some compounds of copper
nitrate are removed in the form of vapor, which reduces the concentration of ions in the solid phase and further
decreases EC*.

After the dehydroxylation process, the mobility of Na*, K, and to some extent Ca** ions carrying the
electrical charge increases simultaneously with the expansion of the amorphous phase. This has led to a
significant increase in EC at 700 °C, reaching 5.6 mS/ cm?®. At 900 °C, due to the destruction of clay minerals, the
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Fig. 5. The curve of the effect of heat treatment on changes in CEC, SSA, carbonate content, and Cu?*
absorption in dispersive soil.
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formation of oxides, the formation of coarse particles, and the creation of a glassy structure, EC has decreased,
reaching 0.51 mS/cm!®.

The effect of heat treatment on the absorption characteristics and storage capacity of dispersive soil containing
copper pollution

Based on the results of the double hydrometric test, the natural dispersive soil under study has a dispersive
percentage of approximately 84%. In the crumb dispersive test, it falls into category 4. Dispersive potential is
directly related to the presence of sodium ion as the main exchangeable cation!. Due to the large presence of
Na* cations, the exchangeable sodium percentage (dispersive potential) in the clay part of the studied sample is
about 72% (Table 1).

The absorption and retention characteristics of dispersive soil containing heavy copper metal at thermal
levels of 25 °C to 900 °C are presented in Fig. 5. Dispersive soil with a concentration of 25 cmol/kg-soil of copper
pollutant has the ability to retain about 66% of the pollutant. The three factors CEC, SSA, and carbonate content
play significant roles in the soil’s ability to retain pollutants®.

According to the presented results, the CEC of the dispersive soil is 28.36 cmol/kg-soil, the SSA of the sample
is 36.28 m?%/g, and the carbonate content is 11.5%. The dispersed structure of the dispersive soil due to the effect
of Na* cation has resulted in significant pollutant retention capacity. Since the type and amount of exchangeable
cations in the soil are functions of cation capacity and its hydrated radius, Cu?* cations, which have a higher
capacity, are absorbed more strongly than cations with lower capacity. The valence difference between the two
cations Cu?* and Na* and the greater absorption of Cu** have led to a reduction in the thickness of the double
layer and a decrease in the specific surface area of the soil. The release of a higher amount of H* ions has caused
the pH to decrease®”38.

By applying heat at 100 °C, the absorption capacity of copper pollutant has reached about 20.9 cmol/kg-soil.
The first thermal reaction occurred by increasing the temperature to 100 °C, resulting in the removal of free pore
water from the soil texture. This caused a 2.11% decrease in CEC to 27.76 cmol/kg-soil and a 2.42% decrease in
SSA to 35.4 m?/g. The changes in carbonate content at this temperature are not significant. In this temperature
range, the anions in the double layer of dispersive soil and heavy metal copper bind together to form composite
complexes as ligands. These complexes can significantly impact the biological activity and transport of heavy
metals in the environment®®,

Applying heat at 300 °C increased the Cu?* absorption capacity by 29% compared to the initial sample. At
this temperature, due to the dehydration process, the amount of interlayer water decreased, resulting in a 27%
reduction in SSA and a 12% reduction in CEC compared to the initial sample®’. The carbonate content did not
show significant changes at this temperature. At 500 °C, the Cu?* absorption capacity at a concentration of 25
cmol/kg-soil reached 100%. The reaction between two hydroxyls in the octahedral sheet, the removal of water
from the clay crystalline sheet, and the reduction of the interlayer distance due to the onset of the dehydroxylation
process at this temperature caused the CEC to decrease by 56% to 12.53 cmol/kg-soil and the SSA to decrease by
37% to 22.71 m?/g. The carbonate content changes were also not significant at this temperature®”*. Comparing
the results presented in Fig. 4, it can be concluded that the pH change at 500 °C is not the only factor affecting
the measured EC, but the severe reduction in EC by more than 92% was also influenced by the decrease in SSA
and the presence of fewer active clay surfaces'®. According to AAS test results, since the dispersive soil under
study cannot fully retain Cu?*, the pollutant precipitates as copper nitrate compounds. The presence of highly
soluble copper nitrate precipitates cannot be considered a stable mechanism for retaining copper pollutants, as
such precipitates can dissolve and transfer with slight changes in acidity when moisture is added to the sample.
Therefore, as expected, the pollutant absorption rate in soil samples exposed to temperatures of 300 °C to 500 °C
is significantly high1%4L.

The Cu?* absorption capacity at a concentration of 25 cmol/kg-soil did not change significantly in the
thermal range of 700 °C to 900 °C and reached a constant value. At 700 °C, the carbonate content of the soil
decreased by 4.68% to about 6.82%, and at 900 °C, it decreased to 1.33%. The trend of decreasing CEC in the
thermal range of 700 °C to 900 °C continued due to the gradual phase change of the soil and the reduction of
charge on the clay surfaces, reaching 8.36 cmol/kg-soil and 1.48 cmol/kg-soil, respectively*?. At 700 °C, SSA
decreased by 77% to 8.36 m*/g. At this temperature, dehydroxylation leads to the destruction of the clay mineral
structure in dispersive soil, resulting in the breaking of the crystalline structure and their joining together
through electrochemical bonding, leading to a reduction in SSA and CEC. At 900 °C, with the completion of the
dehydroxylation process and the decomposition of calcium carbonate at temperatures of 830 °C to 870 °C, the
replacement of the clay part with carbonate leads to recrystallization and the formation of new minerals with a
glassy texture. This, in addition to reducing CEC, causes SSA to decrease by 92.6% to 2.69 m*/g*.

By examining three influencing factors, namely CEC, SSA, and carbonate amount, the changes in copper
storage at different temperatures can be divided into three stages.

Between 25 °C and 100 °C, the decrease of about 2.11% CEC compared to 2.42% SSA due to the increase
in temperature up to 100 °C could not prevent the increase in the ability to absorb and retain the copper heavy
metal pollutant.

Between 100 °C and 500 °C, the reduction of about 56% CEC and 37% SSA in this stage still could not prevent
the increase in the ability to absorb and retain copper pollutants.

Between 500 °C and 900 °C, the thermal decomposition of copper and the decomposition of carbonates into
CO, and CaO lead to structural and chemical changes in the soil. In fact, Cu?* in the dispersive soil under study
is primarily concentrated in the carbonate and residual part, while the exchangeable part and specific surface
have the lowest contribution!>?®. Based on the obtained results, it can be stated that the role of carbonate is
greater than the other two factors, so the retention of Cu?* by different parts of dispersive soil under thermal
levels is as follows:
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Exchange phase < Specific surface < Residual part < Carbonate

Changes in pH are recognized as a fundamental criterion in evaluating the ability to absorb and retain pollution
in soil. The presence of cations with a low ionic radius such as Cu?* in the interlayer space of clay flakes intensifies
the behavioral change of dispersive clay, compared to the presence of Na* and Ca?* cations®. As evident from
the CEC results, the increase in temperature leads to a reduction of cations in the dispersive soil. The small ionic
radius of the Cu?* cation in the interlayer space of the clay plates causes this cation to migrate to the pre-empty
spaces of the octahedral structure during heat exposure. Consequently, the amount of charge on the clay plates
is significantly reduced and the pH of the environment increases**%°.

The important point is the growth trend of the pH of the suspension environment with increasing the
temperature to 700 °C, which shows that the pH growth rate was the highest with the dissolution of 4.68% of
the carbonate content. In fact, the complete thermal decomposition of Cu?* after the dehydroxylation process at
this temperature leads to the destruction of the clay mineral structure of dispersive soil. As a result, the crystal
structure is broken, and they start to join each other by electrochemical bonding. The formation of primary
cement compounds at this temperature, as well as the release of carbonate at 700 °C and some pozzolanic reactions
in the presence of water, and the release of cations and the reduction of OH groups during dehydroxylation, have
led to the growth of the pH of the suspension environment®!:44,

The data provided in Table 2 show the impact of thermal treatment on various characteristics of dispersive
soil contaminated with copper. The changes observed in pH and EC indicate that heat treatment can modify
the soil’s acidity and ion concentration, which can affect its overall stability and pollutant retention capacity®.
The significant decrease in CEC and SSA at higher temperatures suggests that thermal treatment leads to a
breakdown of the soil structure, which can influence its ability to retain contaminants. Comparing the results
across the different temperature ranges reveals that the most significant improvements in pollutant retention
occur between 300 °C and 500 °C, where the soil reaches its maximum Cu?* absorption capacity. However, the
subsequent reduction in CEC and SSA at higher temperatures (700 °C and 900 °C) indicates that while the soil
may initially retain pollutants effectively, the long-term stability of these pollutants could be compromised at
extremely high temperatures®”.

The effect of thermal treatment on XRD changes of dispersive soil containing copper pollution

Evaluation of XRD is known as a measure in determining the microstructure of soils. In order to interpret the
observed behavior from a microstructural point of view, Fig. 6a shows the XRD of natural dispersive soil and a
dispersive soil sample containing a concentration of 25 cmol/kg-soil of the heavy metal copper pollutant under
temperature levels of 25 °C to 900 °C.

In Fig. 6a and b, it can be seen that the characteristics of the X-ray spectrum of dispersive soil, including
peak intensity and peak position, change significantly when interacting with Cu®* in the thermal range of 25 °C
to 900 °C. According to the XRD pattern of clay minerals with the main peaks of illite (10.04 A), kaolinite (3.01
A), and non-clay minerals dolomite (3.67 A), quartz (3.34 A), feldspar (3.21 A), and calcite (2.28 A) in natural
dispersive so0il'®!%%”. The results show that by adding 25 cmol/kg-soil of copper pollutant to natural dispersive
soil, the carbonate present in the soil reacts with the Cu?* ion and forms new compounds called azurite with
the chemical formula Cu,(CO,),(OH),. At a distance of 3.52 A with an intensity of 465 CpS, it has reduced
the intensity of the spectrum of all clay and non-clay minerals*®. The X-ray diffraction peak intensity of clay
samples with dispersed structure is higher than that of contaminated clay samples with tangled structure. This
confirms that the increase in pore fluid salt concentration caused the formation of a complex structure in the
samples, resulting in the intensity reduction of the main peak and other mineral peaks®®*. It is noteworthy that
increasing the salt concentration of the pore fluid did not change the position of the peaks. Also, based on the
results of Fig. 5, it is concluded that the changes are due to two separate mechanisms: I- the effect of interlayer
cation change and IT- the effect of heat in changing the concentration of solutes between clay particles, causing
changes in the soil microstructure and consequently changing the engineering properties of the soil.

Another issue is the stability of calcium carbonate and dolomite sediments after adding 25 cmol/kg-soil of
copper pollutant to the dispersive soil, so that they remain stable and do not decompose at a pH of about 8.4.
On the other hand, with the addition of Cu?* to the soil, the intensity of the quartz peak at a distance of 3.34 A
in natural soil has decreased from 818 CpS to 710 CpS, indicating that one of the reasons for the decrease in pH
is due to dissolution processes and the release of silica in the sample to the solution phase**. With the start of
thermal treatment on the soil contaminated with copper, the intensity of the main peak of the illite mineral at
a distance of 10.4 A is equal to 124 CpS, decreasing by about 5% up to 500 °C. This reduction continues up to

Carbonate Content | Cu?* Retention
Temperature (°C) | pH EC (mS/cm) | CEC (cmol/kg) | SSA (m?/g) | (%) (%)
25 84 |798 28.36 36.28 11.5 66.4
100 8.38 | 5.18 27.76 35.4 11.43 83.6
300 11.1 3 24.96 26.31 11.51 95.2
500 11.04 | 0.66 12.53 22.71 11.54 100
700 12.45 | 5.6 8.36 8.36 6.82 100
900 11.05 | 0.51 1.48 2.69 1.33 100

Table 2. Effect of thermal treatment on key soil properties and copper pollutant retention in dispersive soil.
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Fig. 6. (a) The effect of heat treatment on the X-ray diffraction pattern of natural dispersive soil and soil
containing copper pollutant. (b) The intensity change plot of the main peaks of dispersive soil containing
copper pollutant under thermal levels.

900 °C, at which point the illite peak is completely removed. Illite is dihydroxylated in the temperature range of
350 °C to 600 °C, but the remaining illite structure is destroyed and a liquid phase is formed in the temperature
range of 700 °C to 850 °C*8.

The intensity of the main peak of the kaolinite mineral at a distance of 3.01 A in soil contaminated with
Cu?" is equal to 442 CpS, which experiences a sharp drop by increasing the temperature up to 500 °C, and
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the peak corresponding to this clay mineral is completely removed at 700 °C. This trend also applies to other
kaolinite mineral peaks, such as those at distances of 4.46 A, 2.49 A, 2.06 A, and 1.9 A, which are also completely
eliminated at this temperature. Kaolinite is stable up to 500 °C, after which it loses its stability**. Dihydroxylation
of kaolinite occurs in the thermal range of 300 °C to 600 °C, and after the removal of hydroxyl from the mineral
structure of kaolinite, metakaolin (the amorphous form of kaolinite) is formed*®.

In contaminated soil, the distance of 3.21 A corresponding to the feldspar mineral with intensity of 212 CpS is
observed, and by applying heat up to 500 °C, the intensity of this peak has decreased by 17% to 175 CpS. Feldspar
loses its stability in the temperature range of 500 °C to 800 °C and turns into sanidine at 900 °C to 950 °C. At the
temperature of 900 °C, the peak related to sanidine is observed at a distance of 3.34 A with the intensity of 242
CpS, which is formed by the phase change of the feldspar mineral®.

'The results show that the intensity of the Azurite peak at a distance of 3.52 A from 465 CpS was created
by adding Cu?*, which decreased to 342 Cp$S by applying heat at 100 °C. This reduction can be due to the
dehydration and precipitation of part of Cu?* after exposure to this temperature, but no major chemical changes
occur. By applying heat of 500 °C, the intensity of the Azurite peak has experienced a sharp drop and has reached
76 CpS. These results confirm that all the deposits formed from the copper pollutant were decomposed after
being subjected to 500 °C heat. Azurite is transformed into malachite in the thermal range of 200 °C to 400 °C
according to Eq. 6, and then malachite is converted into copper (II) oxide (CuO), carbon dioxide (CO,), and
water (H,0) in the thermal range of 400 °C to 500 °C according to Eq. 7 >,

Cu3(003)2(OH)2 — 2Cu» (COg) (OH)2 + CO2 (6)
Cus (CO3) (OH) 2 — 2CuO + CO2 + H20 (7)

These compounds are formed and decomposed at temperatures below 500 °C, so a weak peak of these
compounds is observed at a temperature of 500 °C. The results of Fig. 5 confirm that the temperature of 500 °C
can be effective in stabilizing the copper pollutant and increase the rate of pollutant absorption from the sample.
In the temperature range of 700 °C to 900 °C, all the peaks related to copper impurity disappeared, indicating
the vaporization of copper impurity at this temperature®!. The main peak of calcite in contaminated soil is
observed at a distance of 2.28 A with an intensity of 157 CpS. The decrease in the intensity of the peaks related
to carbonate under the application of 500 °C heat has reached 120 CpS with a decrease of 23%. The results of the
pH test and Fig. 5 confirm that the carbonate in the soil is at the threshold of decomposition at a temperature
of 500 °C. This issue confirms the role of the carbonate decomposition mechanism in increasing the pH level of
heated samples at different temperatures. As mentioned before, the pH level of the system plays a very important
role in contaminant retention. As the pH level increases, the amount of pollutant retention and absorption
increases. This trend of reducing the intensity of the peaks shows that at 700 °C most of the carbonate in the soil
is decomposed and at 900 °C the peaks related to carbonate are completely removed. This trend also exists for
other calcite mineral peaks at distances of 2.48 A and 1.88 A. Calcium carbonate is completely decomposed at
700 °C to 870 °C. In fact, calcium carbonate is decomposed by heat and carbon dioxide is released according to
the reaction of Eq. 5 and turns into calcium oxide or quicklime*®. Based on this, it can be stated that one of the
main reasons for the increase in pH at 700 °C is the combination of released calcium oxide and water and the
formation of calcium hydroxide or slaked lime (Ca(OH),)*.

The dolomite peak at a distance of 3.67 A at a temperature of 500 °C has decreased from 260 CpS to 111
CpS. Dolomite (CaMg(CO,),) is decomposed by heat in the temperature range of 350 °C to 400 °C and finally
it is completely destroyed at 700 °C and according to Eq. 8 with the release of carbon dioxide (CO,) into oxide
Magnesium (MgO) and calcium oxide (CaO) are converted®?.

CaMg(COs3), + Heat — CaO + MgO + 2CO» (8)

The main peak of soil-contaminated quartz mineral is observed at the distance of 3.34 A with the intensity of
710 CpS. By increasing the temperature to 100 °C, the intensity of the peak has decreased to 528 CpS. At 500 °C,
the intensity of the peak has reached 676 CpS, which can be due to the increase in the volume of grains. Quartz
mineral transforms from alpha phase to beta phase (a->B) in the temperature range of 573 °C. This phase change
leads to an increase in volume equivalent to 21% in the sample. By increasing the temperature up to 900 °C, the
intensity of the quartz peaks decreases but is not eliminated. Although at 573 °C, after the decomposition of
kaolinite, alpha quartz turns into beta quartz (a->f), this leads to changes in some soil engineering properties'®.

By increasing the temperature to 900 °C, a new peak related to mullite, which is a silicate mineral, is observed
at the distances of 3.84 A and 2.57 A. In fact, by applying heat of 850 °C, the mineral illite (KAL,(Si,A1)O,,(OH),)
according to Eq. 9 has led to the formation of mullite (Al Si,O,,)*. It is worth mentioning that the amorphous
phase of kaolinite (metakaolin) after destruction and passing through the spinel phase at a temperature of about
900 °C leads to the formation of mullite!%4¢,

3KAIl; (SizAl) O10(OH), + 28i02 — 3KAISi3Og + AlgSi2O13 + 3H20 9)

At the temperature of 900 °C, the peaks of gelenite compounds are observed at distances of 3.07 A and 2.29 A.
In fact, when the temperature reaches 800 °C, calcite is decomposed into calcium oxide and semi-stable gelinite
appears. As the temperature increases, the amount of gelinite decreases. Also, at the temperature of 900 °C, the
peaks of 3.62 A and 2.1 A corresponding to the diopside mineral are observed, which are formed by the reaction
of materials obtained from the decomposition of dolomite with amorphous materials and aluminosilicates in
the temperature range of 800 °C to 900 °C. With the formation of glassy phases, the movement of alkaline
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ions has increased and the electrical conductivity has increased, which is also observed in the X-ray diffraction

results!%>,

The effect of thermal treatment on the morphology (SEM) of dispersive soil containing copper pollution

The SEM images in Fig. 7 illustrate changes in the microstructure of dispersive soil due to interaction with heavy
metal copper pollutant at temperatures from 25 °C to 900 °C. Figure 7a shows the image of natural soil without
the heavy metal copper pollutant. This image shows the dispersed structure of the natural soil texture, which is
observed as completely dispersed and almost crystalline. Based on the presented image, the thickness of the clay
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Fig. 7. Scanning Electron Microscope (SEM) images of dispersive soil containing copper pollutant under

different thermal levels.
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compound plates is in nano dimensions. In other words, one of the main reasons for the dispersiveness of the
studied natural soil sample is the size of the particles, which are mostly in the nano scale!’.

Adding 25 cmol/kg-soil of copper pollutant changes the initially dispersed structure of the soil to a flocculated
one. Figure 7b shows changes in the internal structure of the soil and an increase in macroscopic pores due to
the aggregation of clay flakes, as compared to Fig. 7a. This is due to the stronger effect of the divalent cation Cu**
on the soil behavior mechanisms compared to the monovalent cation Na* in the soil environment. Based on the
XRD results, the cause of the microstructural changes observed in Fig. 7b is the occurrence of mechanism I%.
According to Chapman’s sphere theory, reducing the thickness of the double layer and the repulsive force leads to
the flocculation of soil clay particles. Additionally, considering the capacity of low pH to facilitate the formation
of complex structures and clay clusters, a part of the severe microstructural changes in the soil in the presence of
copper pollutant can be attributed to low soil pH>",

Figure 7c shows the structure of Cu?" contaminated soil at 100 °C in a completely flocculated state, with no
significant morphological and physical changes compared to those in Fig. 7b. According to the results obtained
from XRD analysis, new Azurite compounds, formed as a result of the combination of Cu®* with CaCO,, as well
as the calcium carbonate phase, are visible as white masses at approximately 11.5% .

As shown in Fig. 7d, heating up to 500 °C causes the soil particles to lose their initial cohesion, and the
sheet structure associated with the kaolinite mineral is rarely observed. This is due to the initiation of the
dehydroxylation process and the destruction of this mineral’s structure, which was also observed in the X-ray
diffraction pattern. Additionally, at this temperature, the new Azurite compounds are not distinctly observed,
and heating has led to the decomposition of this mineral. The calcite mineral is still observed at 500 °C*7:#4,

Figure 7e shows an image of the sample heated to 700 °C. The gray grains represent the quartz mineral or
silicate phase. Considering the XRD results, one of the reasons for the creation of cracks is the phase and volume
change of quartz at 573 °C. With quartz exposed to 700 °C and the phase transformation of quartz from alpha
to beta (a>p), volume changes occur in the quartz, leading to the creation of cracks in this thermal range.
Additionally, kaolinite in this thermal range is completely destroyed, and crystalline and flaky particles are not
observed in the images!®43>4,

Figure 7f shows a significant change in the soil texture upon heating to 900 °C. The melting of the soil, the
decomposition of calcium carbonate, and the release of Co, from the soil structure result in the formation of
porosity and free spaces between soil particles and a crystalline texture (indicating phase changes in minerals
and the initial melting of materials). The crystalline and porous mineral gehlenite, formed from the reaction of
alumina and silica phases and the decomposition products of calcite, is also observed. Additionally, the mineral
mullite is also somewhat visible. Although the glassy structure of gehlenite weakens the soil’s strength, the more
prominent role of mullite may explain the increased soil strength at 900 °C due to the presence of mullite®*.

The effect of thermal treatment on weight changes of dispersive soil containing copper pollutant

Since changes in the absorption and retention rates of pollutants impact the physical properties of dispersive
soil, including its weight, to further ensure the accuracy of the aforementioned results, Fig. 8 presents the weight
change curve of a sample containing 25 cmol/kg-soil of heavy metal copper pollutant under thermal levels
ranging from 25 °C to 900 °C. The application of heat results in an increased weight loss in copper-contaminated
soil, which can be divided into three stages. This is consistent with the trends observed in changes in carbonate
percentage, SSA, and the XRD spectrum of the soil.

Stage 1: Between 25 °C and 100 °C, the thermal gravimetric curve shows that with increasing temperature,
the weight of the sample gradually decreases. Evaporation of free pore water and dehydration of the copper
pollutant within the sample pores primarily occur between 25 °C and 100 °C. Therefore, this results in a gradual
decrease in the weight of the copper-contaminated soil. At this stage, no chemical decomposition occurs, and it
only results in a 1.9% reduction in the weight of the copper-contaminated soil*+%.

Stage 2: Between 100 °C and 500 °C, the thermal gravimetric curve shows that when the temperature exceeds
100 °C, the sample’s rate of weight loss increases. At 300 °C, due to the dehydration process and partial removal
of organic materials, it experiences a weight loss of 6.4%. The weight loss rate in stage 2 reaches 13.4%, which
is an increase of about 11.5% compared to stage 1 3°. At 500 °C, the sudden weight loss serves as a suitable
indicator for detecting the dehydroxylation temperature and indicates the beginning of the dehydroxylation
process and the destruction of the clay mineral structure of the dispersive soil contaminated with copper. Also,
as shown in relations (6), (7), and XRD results, all the deposits formed from copper impurity start to decompose
at tem5p7esgatures below 500 °C, converting into copper (II) oxide (CuO), carbon dioxide (CO,), and water
(H,0)>7"%.

2Stage 3: Between 500 °C and 900 °C, the thermal gravimetric curve shows that by applying heat up to
700 °C, the weight loss rate rapidly increases, reaching a peak weight loss rate of 24%. As shown in Egs. 10
and 11, the dehydroxylation reactions of kaolinite between 455 °C and 700 °C lead to the crystallization of
mullite and cristobalite, and the H,O produced from the decomposition is released as gas through endothermic
and exothermic reactions®. According to Eq. 12, when the temperature exceeds 700 °C, kaolinite, feldspar,
and calcite undergo endothermic chemical decomposition in sequence. By 900 °C, the weight loss at this stage
reaches 23.4%. This occurs due to the decomposition of calcium carbonate at around 830 °C to 870 °C and the
formation of a new glassy structure®>>-,

Al 038i022H, 0 A257C5207C, A1) 5,98i0,0.5H,0 + 1.5H20 1 (10)
Al503Si020.5H0 =2227C5 A1,0,28i10,0.5H20 1 (11)
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Fig. 8. Weight change curve of copper-contaminated soil against heat.

Stage | Temperature range (°C) | Weight loss (%) | Key processes

Stage 1 | 25 °C to 100 °C 1.9% Evaporation of free pore water and dehydration of copper pollutant

Stage 2 | 100 °C to 500 °C 13.4% Dehydration, removal of organic materials, and initiation of dehydroxylation
Stage 3 | 500 °C to 900 °C 23.4% Crystallization of mullite and cristobalite, decomposition of calcium carbonate

Table 3. Weight loss and thermal stages of copper-contaminated dispersive soil.

700°C-830°C
T

CaCOs3 CaCO3 + COs 1 (12)
The data presented in Table 3 summarize the weight loss of copper-contaminated dispersive soil at various
thermal stages, providing insight into the physical transformations that occur as a result of heat treatment. The
weight loss occurs in three distinct stages. In Stage 1 (25 °C to 100 °C), the weight decreases by 1.9%, primarily
due to the evaporation of free pore water and dehydration of the copper pollutant within the sample pores. There
are no significant chemical changes at this stage, and the weight reduction is gradual®.

In Stage 2 (100 °C to 500 °C), the weight loss increases to 13.4%. This stage is marked by dehydration,
the removal of organic materials, and the initiation of the dehydroxylation process in the clay minerals. At
temperatures above 300 °C, copper pollutants start to decompose into copper oxide (CuO), and this contributes to
the observed weight loss®”*8. Finally, in Stage 3 (500 °C to 900 °C), the weight loss reaches 23.4%, with significant
changes occurring due to the crystallization of minerals such as mullite and cristobalite and the decomposition
of calcium carbonate™. These processes result in the formation of a new glassy structure, contributing to the final
weight reduction®’.
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The effect of heat on the durability of macrostructural properties of dispersive soil
contaminated with copper

The effect of heavy metal copper pollutant on the grain size distribution of dispersive soil

Changes in the size distribution of clay particles (<2 pum) of dispersive soil and the sample containing heavy
copper metal pollutant are shown in Fig. 9. It can be seen that the addition of 25 cmol/kg-soil copper pollutant
to the dispersive soil has increased the size of the particles. In naturally dispersive soil, the percentage of particles
smaller than 0.01 mm passing through was about 54% initially, but it decreased to about 26% after adding Cu?*
to the soil.

Therefore, based on the results obtained in XRD analysis and SEM images, it is evident that the size of soil
particles has increased and the structure has changed from dispersed to flocculated. This issue is due to the
decrease in the repulsive forces between clay plates in dispersive soil in the presence of divalent cation Cu?*
compared to the presence of monovalent cation Na* and as a result of the decrease in the thickness of the
hydrated layer around the clay flakes and the shrinkage of the soil structure!>3847,

The impact of the type of exchangeable cation on the formation and growth of dispersive soil particle size
is consistent with the results of other microstructural tests, particularly the XRD analysis results, confirming
the internal structural changes of dispersive soil contaminated with Cu?*. By adding 25 cmol/kg-soil copper
pollutant to the dispersive soil, due to the higher valence and smaller hydrated radius of the polyvalent Cu?*
cation, this cation replaces the monovalent Na* cation in the interlayer space of the particles (mechanism I). The
trend of changes in the intensity of the spectra has completely changed, and the intensity of the XRD spectrum
peaks has decreased. After the completion of mechanism I, with the application of heat and the occurrence of
mechanism II, the peak intensity starts to decrease again.

To validate the hypothesis regarding soil dispersion changes, Fig. 10 shows the results of the Crumb test over a
6-hour period and the comparison of changes in the percentage of soil dispersion in the presence of 25 cmol/kg-
soil copper pollutants. In the Crumb test, the dispersive category of natural soil is 4, indicating a fully dispersive
soil, but with the addition of copper pollutant, the soil’s dispersive category changes to 1 (non-dispersive). This is
due to the reduced hydration tendency of the Cu?* interlayer cation and decreased dispersibility of the structure
compared to the presence of sodium as the interlayer cation, which is consistent with other obtained results®®.

The effect of heat treatment on the changes of Atterberg limits of dispersive soil containing copper pollution

Figure 11a shows the changes in the liquid limit and plasticity index of dispersive soil with a concentration of 25
cmol/kg-soil copper heavy metal pollutant. The liquid and plastic limits of natural dispersive soil are 36.1 and 18
units, respectively. After the interaction of the soil with solutions containing 25 cmol/kg-soil copper heavy metal,
based on the results presented in Fig. 4, the pH of the soil decreases significantly. The decrease in pH causes a
reduction in the repulsive force between the clay plates of the dispersive soil, bringing them closer together, so
that the liquid limit decreased to 31.16 units, and the plastic limit decreased to 14.16 units®”*.

Due to the increased concentration of solutes in the fluid surrounding the soil, with the increase in cation
valence from monovalent (Na*) to divalent (Cu?*), the clay surfaces are compressed together, reducing the
ability to absorb water between the layers. As a result, the engineering properties of dispersive soil, including
its Atterberg limits, change***8. Upon applying heat, the Atterberg limits of copper-contaminated soil decrease,
which can be categorized into three stages. This is in good agreement with the trend in weight changes, SSA, and
XRD spectrum of the soil.

Stage 1: By applying heat up to 100 °C, the liquid limit decreased by 6.16 units, reaching 28 units, and the
plastic limit decreased by 0.91 units, reaching 13.58 units at this temperature. During heating from ambient
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Fig. 9. Hydrometric curve of dispersive soil contaminated with copper heavy metal.
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Fig. 10. Crumb test results in a period of 6 h and changes in dispersive of natural clay in interaction with
copper pollutant.

temperature to 100 °C, free pore water is removed from the soil texture. These changes at this stage can be
directly related to the SSA of the dispersive soil. Clays with a high SSA, and consequently more interparticle
contact, are highly sensitive to temperature changes'’.

Stage 2: By applying heat up to 300 °C, due to the dehydration process, the water between the silicate layers
of the clay is removed from the electrostatic field of the flakes, and the liquid limit is reduced to 24.9 units and
the plastic limit is reduced to 12.8 units'®. When the temperature is increased to 500 °C, the clay particles form
larger particles through electrochemical bonding, which causes an irreversible structural change. Additionally,
the initiation of the dehydroxylation process in this thermal range leads to the removal of interlayer water and
consolidates the soil structure. As a result, the liquid limit reaches 19.1 units and the plastic limit reaches 11.3
units*.

Stage 3: Based on the results from Fig. 5 and the XRD analysis, when heat is applied from 700 °C to 900 °C,
the crystal structure of the samples breaks and the SSA of the samples significantly decreases. As a result, the soil
no longer exhibits plastic behavior'®.

In Fig. 11b, based on the Atterberg limits results, the dispersive soil is classified as clay with low plasticity
(CL). By adding 25 cmol/kg-soil of copper pollutant to the dispersive soil, this classification did not change and
remained in the CL range. It can be concluded that soil contamination with this concentration cannot disrupt
the classification and place the soil in another category. The behavior of the soil did not change in the thermal
range of 100 °C to 400 °C, and the soil classification remained in the clay with low plasticity (CL) range.

This classification changes from CL to CL-ML (clay with low plasticity to silt with low plasticity) by applying
heat of 500 °C. Based on the results of XRD analysis and the thermal gravimetric curve, this change is due to
the removal of water in the clay crystal plate and the reduction of the interlayer distance of clay flakes due to
the start of the dehydroxylation process at this temperature. This issue has resulted in less water absorption and
reduced the plasticity properties of the soil. By increasing the temperature to 700 °C, the soil loses its plasticity
and becomes non-plastic. The occurrence of dehydroxylation has caused the destruction of the clay mineral
structure of the dispersed soil and has affected the Atterberg limits of the soil. The decrease in the Atterberg
limits is due to structural changes under the influence of applied heat and changes in soil behavior!®!2,

Table 4 demonstrates the significant changes in the Atterberg limits of copper-contaminated dispersive soil
as the temperature increases. The results show that with rising temperatures, both the liquid limit and plastic
limit decrease, indicating a reduction in the soil's plasticity and its ability to absorb water. For temperatures
ranging from 25 °C to 100 °C, there is a modest reduction, primarily due to the removal of free pore water!”.
This trend continues as temperatures increase from 100 °C to 300 °C, where further decreases are linked to
dehydration and the formation of electrochemical bonds'®. At higher temperatures, from 300 °C to 500 °C, the
loss of plasticity becomes more pronounced, a result of the dehydroxylation of clay minerals, which consolidates
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Fig. 11. (a) Shows the Atterberg limits curve of dispersive soil contaminated with heavy metal copper under
thermal levels. (b) Plasticity curve of natural dispersive soil and copper-contaminated samples under thermal
levels.

the soil structure. By 500 °C to 700 °C, the soil transitions to non-plastic, as observed in the XRD and SEM
analyses, signaling the complete breakdown of the clay mineral structure. Finally, at 700 °C to 900 °C, the soil
maintains its non-plastic state, as the clay minerals are fully destroyed, significantly altering the soil’s engineering
properties*.
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Temperature range (°C) | LL PL Behavioral change

25°Cto 100 °C 28.00 13.58 Removal of free pore water, minor changes in structure

100 °C to 300 °C 24.90 12.80 Dehydration and electrochemical bonding, irreversible changes
300 °C to 500 °C 19.10 11.30 Dehydroxylation of clay minerals, further consolidation

500 °C to 700 °C Non-plastic | Non-plastic | Complete dehydroxylation and structural breakdown

700 °C to 900 °C Non-plastic | Non-plastic | Complete destruction of clay minerals, loss of plasticity

Table 4. Atterberg limits of copper-contaminated dispersive soil at different temperatures.
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Fig. 12. Shows the effect of thermal levels on the UCS of dispersive soil contaminated with heavy metal
copper.

The effect of thermal treatment on the UCS of dispersive soil containing copper pollutants

The unconfined compressive strength (UCS) characteristics of dispersive soil containing 25 cmol/kg-soil of
heavy metal copper after various thermal treatments from 25 °C to 900 °C are shown in Fig. 12. The UCS of
natural dispersive soil is 0.43 MPa based on Table 1. With the addition of 25 cmol/kg-soil of heavy metal copper,
this strength has increased to 0.75 MPa. The reason for this increase in strength is the reduction of repulsive
forces between clay plates due to the presence of divalent copper cation (Cu?*) and the reduction of the thickness
of the hydrated layer around the clay flakes, resulting in the transformation of the dispersed structure into a
flocculated one'®.

By applying heat of 100 °C, the unconfined compressive strength of the soil increased approximately 2.5 times
to 1.83 MPa. The reason for this increase in strength could be the loss of moisture from the sample, which leads
to the removal of free water from the soil structure. This phenomenon confirms the significant difference in
compressive strength of soil in wet and dry conditions*2.

By increasing the temperature to 300 °C, the unconfined compressive strength of the soil increased 4 times
compared to the dispersive soil containing copper pollutants, reaching approximately 2.96 MPa. At this stage,
dehydration occurs, leading to the removal of adsorbed water and double layer water from the soil structure.
This phenomenon reduces the electric repulsion and the distance between clay flakes, resulting in an increase
in soil strength. Additionally, according to SEM and XRD results, the decomposition of copper nitrate and the
formation of copper oxide (CuO) at 300 °C also contribute to the increase in compressive strength!>’.

The trend of increasing compressive strength at 500 °C, considering the occurrence of dehydroxylation and
the complete decomposition of copper nitrate to copper oxide, leads to approximately a 1.2-fold increase in
compressive strength compared to 300 °C and about a 4.8-fold increase compared to the compressive strength
of dispersive soil containing copper pollutants, reaching 3.56 MPa at this temperature. At this temperature, new
bonds between soil particles are strengthened, and the compressive strength increases®”.

Upon reaching 700 °C, a significant increase in the compressive strength of the soil is observed. The
compressive strength has increased by 9.4 times compared to the dispersive soil containing copper pollutant,
reaching 7.01 MPa. In the thermal range of 500 °C to 700 °C, clay minerals undergo dehydroxylation, leading
to changes in soil structure and the formation of new cementitious compounds. The dispersed structure of the
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particles and clay flakes transforms into adhered and homogeneous particles, which results in an increase in
compressive strength.

With the increase in temperature to 900 °C, due to the decomposition of calcium carbonate and its
transformation into calcium oxide, the compressive strength decreases by approximately 18.5% compared to
700 °C, reaching 5.72 MPa. The decrease in compressive strength at this temperature is due to the formation
of a porous and glassy structure and the formation of compounds such as gehlenite, diopside, and anorthite!2.
These results indicate that microstructural changes and thermal effects on the compressive strength of dispersive
soil in the presence of copper have significant impacts, leading to a considerable improvement in its mechanical
properties.

The effect of thermal treatment on the permeability coefficient of dispersive soil containing copper pollutant

Based on the results of microstructural tests including XRD analyses and SEM images, due to the formation of
a complex structure and structural changes in the dispersive soil after interaction with heavy metal copper at
thermal levels of 25 °C to 900 °C, the importance of hydraulic conductivity of the soil as a determining factor
in the optimal performance of clay buffer materials and possible changes in permeability coefficient at thermal
levels of 25 °C to 900 °C have been studied. The changes in this coefficient and its results are presented in Fig. 13.

The permeability coefficient of natural dispersive soil is 0.039 x 10~® m/s based on the results in Table 1. In
fact, based on XRD analyses and SEM images, the presence of multivalent cations Cu?* in the interlayer space
causes the reduction of the opening of clay flakes (occurrence of mechanism I). Considering the formation of a
complex structure in the dispersive soil containing 25 cmol/kg —soil heavy metal copper after interaction with
the Cu®* cation, the permeability coefficient has increased by about 90% to approximately 0.074 x 10~8 m/s*.
With the initiation of heat treatment at 100 °C, the permeability coefficient of dispersive soil containing heavy
metal copper has not changed significantly and has reached approximately 0.075x 107® m/s. In the thermal
range of 300 °C, the permeability coefficient of dispersive soil containing heavy metal copper increases due to the
approach of clay particles to each other as a result of the decomposition of copper nitrate and the formation of
copper oxide (occurrence of mechanism IT). Under such conditions, with saturation and the beginning of water
flow in the soil due to the presence of macroscopic pores in the soil structure, the movement of water in the void
space between clay particles becomes possible. As a result, the soil permeability has increased by approximately
10% to about 0.084 x 1078 m/s50-34,

By applying heat at 700 °C, the agglomeration of soil particles results in an increase in permeability at this
temperature, reaching 1340 x 10-® m/s. Heating at 900 °C leads to the destruction of clays and the complete
decomposition of carbonates at 850 °C, causing porosity in the soil structure and creating channels for water
flow, increasing permeability to about 4120x 10~® m/s. According to XRD analysis results, the phase change
of quartz leads to porosity in the soil structure, and the formation of crystalline silicates such as gelenite and
diopside, due to their porous nature, contributes to increased permeability!2.

Table 5 illustrates the significant changes in UCS and permeability of copper-contaminated dispersive
soil under varying temperature conditions. As the temperature increases, UCS shows a steady rise due to the
transformation from a dispersed to a flocculated structure and the loss of moisture. The permeability follows a
similar trend, with a sharp increase beyond 500 °C, as structural changes, such as macropore formation and the
breakdown of minerals like calcite, allow easier water flow.
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Fig. 13. Graph of the effect of thermal levels on the permeability coeflicient of dispersive soil contaminated
with heavy metal copper.
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Permeability coefficient (x10~*

Temperature range (°C) | UCS (MPa) | m/s) Behavioral changes

25°C to 100 °C 0.75 0.039 Initial increase in UCS due to Cu?* presence and moisture loss

100 °C to 300 °C 1.83 0.074 UCS increases due to removal of free water and copper oxide formation

300 °C to 500 °C 2.96 0.084 Further UCS increase from dehydration, dehydroxylation, and consolidation

500 °C to 700 °C 356 1340 Elgnlﬁgant UCS increase due to clay mineral dehydroxylation and cement
ormation

700 °C to 900 °C 701 4120 UcCs decrgasesA due to porous structure and glassy phase formation, but
permeability rises significantly

Table 5. UCS and permeability changes in copper-contaminated dispersive soil at different temperatures.

Practically, these results indicate that while UCS improves at high temperatures, the permeability increase
could reduce the soil's effectiveness in contaminant containment, especially in applications like thermal
remediation of polluted soils. The enhanced permeability at temperatures above 500 °C is crucial when
considering environmental impacts, as it could lead to greater migration of pollutants, thus compromising
the barrier function of the soil. Therefore, understanding these temperature-induced changes is essential
when designing treatments for contaminated soils, ensuring that both strength and hydraulic conductivity are
optimized?’.

Conclusion
Based on our experimental results the following conclusions can be drawn.

Thermal treatment has a significant impact on the chemical and physical properties of soil. Specifically,
heating leads to significant changes in pH levels, electrical conductivity, X-ray diffraction, morphology, and the
permeability coefficient.

Increasing the temperature to about 300 °C leads to an increase in soil pH from 8.4 to 11.1, indicating a
reduction in acidity and an improvement in heavy metal retention conditions. These changes are due to the
decomposition of copper nitrate and the formation of copper oxide (CuO), which acts as a basic oxide and alters
the chemical balance of the soil. Therefore, thermal treatment can effectively reduce the acidity of contaminated
soils and create better conditions for the stabilization of heavy metals.

By applying heat up to 500 °C, the ability of the soil to absorb copper pollutants increases to about 100%. This
is due to the onset of the dehydroxylation process and the destruction of the clay mineral structure, leading to a
reduction in cation exchange capacity (CEC) and specific surface area (SSA) of the soil. These changes indicate
that heating can effectively stabilize metal pollutants in the soil and prevent their spread into the environment.

The XRD results showed that with increasing temperature up to 700 °C, the clay minerals such as kaolinite
are completely decomposed, and new compounds such as mullite and gelenite are formed. These structural
changes indicate improved soil stability and reduced likelihood of pollutant release into the environment. These
findings emphasize that heat treatment can create more resilient structures in contaminated soils and prevent the
decomposition and transfer of pollutants.

The permeability coefficient of the dispersive soil containing copper increased by about 4120 times at a
temperature of 900 °C compared to its initial state. These changes are due to the complete destruction of clay
minerals and the decomposition of carbonates, which leads to the formation of pores and water flow channels
within the soil structure. This finding indicates that high-temperature heat treatment can result in the creation
and formation of a new structure in the contaminated heterogeneous soil, significantly increasing its permeability.

The results of this study provide valuable insights into the potential of thermal treatment for stabilizing and
recycling contaminated soils, offering a promising approach for reducing the environmental impact of heavy
metal pollutants. The ability to reuse thermally treated soils in the production of construction materials, such
as bricks and aggregates, not only addresses soil contamination but also contributes to resource efficiency and
sustainability. While large-scale implementation of this method requires consideration of energy consumption
and emission control, the economic benefits from reduced material costs and the potential for widespread soil
reuse make it an attractive solution for environmental remediation. Further research is necessary to assess
the long-term performance of thermally treated soils in real-world applications and to explore the broader
applicability of this method across various soil types and contaminants.

Data availability
All data supporting the findings of this study are included within the manuscript.
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