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This research investigated the effectiveness of radio frequency (RF) heating as a treatment for 
lead-contaminated soil, assessing its impact through dielectric constant measurements. Using 
water-soluble lead (II) acetate trihydrate, the study analyzed the impact of RF heating on soil 
dielectric properties under various soil moisture conditions (high, medium, and low) and electric 
field strengths (112.5, 150, 225, and 450 kV/m). The results indicated that soil temperature 
increased with lead concentration, highlighting significant changes in soil thermodynamics. Under 
high-humidity conditions, temperature increases were more pronounced, suggesting that higher 
lead concentrations elevate soil temperatures. Moreover, RF heating consistently reduced the 
dielectric constant as lead concentration increased, which was especially evident at higher electric 
field strengths. The study found that the soil resistivity approached that of uncontaminated soil, 
particularly at 450 kV/m electric field strength, with the highest removal rate of 46.154%. 
This investigation provides valuable insights into the application of RF heating for soil quality 
improvement in lead-contaminated environments, demonstrating how dielectric properties can 
reflect those of uncontaminated soil.

1. Introduction

Lead contamination has become a significant issue, affecting soil quality and causing adverse effects on both the environ-

ment and human health [1]. The increasing global population and industrial growth exert pressure on agricultural land demand 
[2][3][4][5][6][7]. Human activities, a major contributor to agricultural soil contamination [8][9], pose significant threats to 
aquatic and terrestrial life. Lead is durable and highly toxic, with relatively low electrical conductivity compared with other metals. 
It contains non-essential elements that can impact plant metabolic processes, affecting growth and development, leading to poor 
root growth, abnormalities, oxidative stress, reduced biomass production, inhibited germination, and compromised photosynthesis 
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Table 1

Comparison of different soil remediation methods.

Method Advantages Disadvantages Types of Contaminants Efficacy

Physical (Soil Replacement, 
Hydrothermal)

Enhances soil environmental capacity High cost, long absorption times Heavy metals, organics Variable

Chemical (Chelates, 
Organic Acids, 
Biomaterials)

Effective for various metals Potential chemical hazards Pb, Cu, Zn High

Electrokinetic 
Rehabilitation

Ease of installation, low cost Requires electrical setup Pb, other heavy metals Moderate to high

Bioremediation 
(Phytoremediation, 
Microbial)

Ecologically safe, sustainable Slow, affected by environmental 
factors

Heavy metals, organics Moderate

RF Heating (based on 
dielectric heating)

Rapid, uniform heating, minimum 
soil structure disturbance, works on 
dry and wet soils, faster treatment

Energy consumption, equipment 
cost

Pb, other heavy metals High

[10][11][12][13][14][15]. Consequently, the presence of lead ions in soil poses a risk to natural ecosystems and is a global issue 
because lead is widely used in agriculture and domestic activities [16][17].

Efforts to address lead contamination in natural resources have intensified globally, with researchers using various remedia-

tion methods, including physical, chemical, and biological techniques [18]. Physical remediation, such as soil replacement and 
hydrothermal treatment, cleans soil but is costly and time consuming. Chemical remediation includes several techniques such as 
restoration, fixation, electrokinetic rehabilitation, and vitrification, which utilize chelates, organic acids, and biomaterials [19]. Chem-

ical soil washing separates heavy metals such as lead, copper, and zinc [20][21][22], while immobilizing them to reduce migration 
[23][24][25][26]. Electrokinetic rehabilitation applies electrical voltage to move lead particles to electrodes, effectively removing 
heavy metals [27][28]. Vitrification heats soil to high temperatures to remove contaminants but is energy intensive and costly [29].

Bioremediation, categorized into phytoremediation and microbial bioremediation, uses plants and microorganisms to absorb or 
neutralize contaminants but can be slow and environmentally limited [30][31][32][33][34][35][36]. Adsorption methods involving 
materials such as charcoal and nanomaterials are complex and time consuming [37][38][39][40][41][42][43]. Traditional methods, 
such as ion exchange, electrolysis, chemical precipitation, solvent extraction, and biological techniques, are costly and resource 
intensive [44].

In contrast, using high-frequency waves for soil remediation offers an efficient solution. This method allows precise control over 
soil temperature and treatment duration through dielectric heating [45]. Electromagnetic fields have proven effective in various 
environmental processes [46][47][48][49][50] [51][52]. Radio frequency (RF) heating rejuvenates soil through vapor extraction or 
biodegradation and penetrates deeply, covering larger areas. It works well with various materials, including those with low-moisture 
content [53]. At frequencies between 10 and 100 MHz, RF heating generates heat within the soil as the electric field component 
causes polar molecules to oscillate, producing heat through dielectric loss. This results in rapid, uniform heating, which is effective 
for treating large volumes of contaminated soil. The depth of RF penetration depends on the frequency and soil dielectric properties, 
allowing targeted heating at various depths, which is beneficial for reaching unevenly distributed contaminants.

RF heating technology based on dielectric heating uses high-voltage alternating current signals with parallel electrodes configured 
as a capacitor. The medium to be heated is placed between these electrodes, causing polar molecules to align and vibrate with 
the alternating electric field. Heat is generated through structural loss and friction during molecular interaction. As the frequency 
increases, more energy is transferred, resulting in more efficient heating; however, there is an upper frequency limit due to molecular 
structural limits [54][55]. This method provides uniform heating, ensuring that the entire medium is evenly heated, which is beneficial 
for materials like soil. RF heating can penetrate deeply, making it effective for large volumes of soil, and works well even in low-

moisture conditions. The ability to control the heating process precisely by adjusting frequency and intensity enhances efficiency, 
preventing energy wastage and quickly achieving the desired temperature [56][57].

In the context of soil remediation, RF heating ensures that the energy is evenly distributed throughout the soil, making it particu-

larly useful for large-scale projects. This uniform heating helps in breaking down contaminants and enhances the overall soil quality. 
Furthermore, RF heating can be integrated with other remediation techniques, such as chemical or biological methods, to improve 
overall efficiency and effectiveness [58][59]. Overall, RF heating based on dielectric heating is a promising technology for soil re-

mediation. Its ability to provide uniform, deep, and efficient heating makes it ideal for large-scale projects, and its effectiveness in 
low-moisture conditions adds to its versatility. By ensuring uniform energy distribution and allowing precise control over the heating 
process, RF heating stands out as an advanced method for improving soil quality and addressing contamination issues.

Table 1 displays a comparison of different soil remediation methods. It summarizes the advantages and disadvantages of vari-

ous traditional and modern remediation techniques, highlighting the potential of RF heating as a superior alternative owing to its 
efficiency, control, and versatility in different environmental conditions.

This study investigates the application RF heating based on dielectric heating for treating lead-contaminated soil. The research 
focuses on two main objectives:

1) To measure and compare the dielectric properties of lead-contaminated soil (using lead (II) acetate trihydrate) with those of 
2

uncontaminated soil.
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Table 2

Parameters of soil sample preparation.

Parameter Value

Soil 100 g

Particle size 0.10 – 0.25 mm

Porosity 0.69

Volume of soil jars 100 cm3

Bulk density 0.85 g/cm3

Lead Pb (II) acetate 3-hydrate 200, 600, 1000 mg/L

2) To evaluate the impact of RF heating on the reduction of lead contamination in soil through dielectric property measurement 
and X-ray fluorescence (XRF) analysis of soil subjected to RF heating with paired electrode plates, which is conducted for the first 
time in this study.

These objectives aim to advance the understanding and application of RF heating technology in soil remediation, ultimately 
supporting the development of effective and sustainable soil management strategies. The findings from this study are expected to 
contribute significantly to environmental protection and the advancement of soil remediation technologies.

2. Materials and methods

2.1. Soil sample preparation

The soil sample utilized in the test was obtained from rice fields in Surin Province, situated in the northeastern region of Thailand. 
The soil was prepared by drying it through sun exposure for 24 h. After drying, the soil underwent thorough blending and sieving to 
eliminate large particles, resulting in soil particles ranging from 0.10 mm to 0.25 mm, which is the ideal size range for the subsequent 
experimental phase [60]. The processed soil was then contaminated with lead (II) acetate trihydrate, serving as the surrogate in this 
experiment. Lead (II) acetate trihydrate is a suitable laboratory surrogate for naturally occurring lead contamination. This compound 
is commonly used in soil contamination research because it is a highly pure chemical, allowing precise control of lead concentration 
in experiments. Its high solubility in water ensures good dispersion in soil, closely simulating natural contamination. Additionally, it 
offers ease of handling and safety in laboratory settings, unlike naturally contaminated soil, which may contain uncontrollable factors 
or impurities. Previous studies have also employed this compound for similar purposes [61][62].

For the simulated contamination, three concentrations of lead (II) acetate trihydrate were applied: 200, 600, and 1000 mg/L. All 
processed soil samples were stored in glass dishes (9.3 cm diameter × 1.5 cm height), each containing 100 g of soil. The soils were 
categorized into two groups: normal soil and soil contaminated with lead at concentrations of 200, 600, and 1000 mg/L. Group 1 
was exclusively designated for measuring the dielectric constant, while Group 2 underwent RF wave heating tests before dielectric 
constant measurements in the subsequent step. This comparative approach aimed to evaluate the dielectric constant of these two 
groups. The material preparation specifics are detailed in Table 2.

The initial step in soil sample preparation involved producing a dry soil sample specifically designed for testing. This sample was 
loaded into a 100 g glass dish, where it underwent thorough blending and filtering to eliminate large soil particles [63], resulting in 
soil grain sizes of 0.10–0.25 mm, which are suitable for testing. Subsequently, water contaminated with lead concentrations of 200, 
600, and 1000 mg/L was injected to achieve 69% porosity. After completing this process, the soil was left to dry at high-, medium-, 
and low-humidity levels. Specifically, the criteria for these three humidity levels in soil were set to simulate different environmental 
conditions and assess how moisture content affects the dielectric properties and RF heating efficiency in lead-contaminated soil. High 
humidity (≈ 30% moisture) represents wet conditions, medium humidity (≈ 20% moisture) simulates typical field conditions, and 
low humidity (≈ 10% moisture) emulates dry conditions. These criteria facilitate the understanding of the soil moisture impact on 
dielectric properties and RF heating effectiveness. By testing soils with varying humidity levels, the study provides comprehensive 
and reliable results applicable to real-world scenarios. The soil samples at different humidity states are shown in Fig. 1.

2.2. Experimental design of an RF heating system

The proposed RF heating system has a total power of 9 kW and a frequency of 40.68 MHz, which falls within the common industrial 
heating range of 10–50 MHz [64]. Additionally, the authorized frequencies for medical, scientific, and industrial applications are 
13.56, 27.12, and 40.68 MHz, respectively [65]. This RF heating system consists of two electrode pads, each measuring 520 mm ×
520 mm. The top plate serves as the cathode, while the bottom plate acts as the anode. The distance between the top and bottom 
plates can be adjusted using the top plate, allowing the electric field strength to be modified relative to the distance between the two 
pads. In contrast, the bottom plate is fixed.

Based on practical factors pertaining to the apparatus and experimental setup, electric field strengths of 112.5, 150, 225, and 450 
kV/m were calculated. The field strengths in our RF heating experiments were specifically defined by the plate spacing and voltage 
drop across the plates of the high-frequency generator. Considering the constraints imposed by the high-frequency generator’s plate 
level, the study team opted to employ plate distances of 2, 4, 6, and 8 cm [66][67]. These values are regular intervals that enable 
consistent and replicable experiments. By putting precise plate separation lengths into Eq. (1) [68][69] and using a 9 kW voltage 
3

drop across the two plates, we calculated the corresponding electric field strengths. Thus, when performing experiments under the 
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Fig. 1. Soil samples at different humidity states: (a) uncontaminated soil, (b) lead-contaminated soil, (c) high-moisture soil, (d) medium-moisture soil, and (e) low-

moisture soil.

aforementioned conditions, the electric field intensities were measured to be 450 kV/m at 2 cm spacing, 225 kV/m at 4 cm, 150 
kV/m at 6 cm, and 112.5 kV/m at 8 cm. Previous studies [70][71] had obtained similar results.

𝐸 = 𝜎

𝜀
= 𝑣

Δ𝑑
(1)

where 𝜀 is the dielectric constant, 𝑣 is the voltage drop between plates, Δ𝑑 is the distance between plates, and 𝜎 is the conductivity 
of the dielectric material.

The behavior of the dielectric constant in response to waves at various frequencies is described by its complex permittivity. 
Dielectric materials can convert electrical energy into heat energy. The heat generated is an outcome of the interaction between 
frequency energy and a medium with dielectric properties characterized by a polar molecular structure. This structure can induce 
waves that, in turn, transform into heat, as described by Eq. (2) [72].

𝜌𝐶p
Δ𝑇
Δ𝑡

= 5.563 × 10−11𝑓𝐸2𝜀′′ (2)

where 𝐶p is the specific heat, 𝜌 is the density of the material, 𝐸 is the electric field intensity, 𝑡 is the time, Δ𝑇 is the temperature 
increase in the material, 𝑓 is the frequency.

The proposed configuration enables accurate manipulation of the electric field intensity levels at 112.5, 150, 225, and 450 kV/m 
to attain the targeted heating rate, with 𝑑1 = 8 cm, 𝑑2 = 6 cm, 𝑑3 = 4 cm, and 𝑑4 = 2 cm, as depicted in Fig. 2a. The study 
also considered the temperature distribution in the system, as illustrated in Fig. 2b, which displays a homogeneous temperature 
distribution. The objective of this consideration is to achieve ideal outcomes in the most efficient heating procedure. Electric field 
waves propagate from regions of positive voltage toward the negative terminal on the plate.

The ability to penetrate the frequency spectrum is a critical factor that must be carefully considered for the intended material. 
4

This can be determined through wave penetration, which can be calculated using Eq. (3) [73][74] [75].
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Fig. 2. RF heating pattern: (a) RF heating of lead-contaminated soil samples at different distances; (b) RF heating example.

Fig. 3. Experimental configuration for measuring dielectric constant properties.

𝑑p =
𝑐

2𝜋𝑓
√

2𝜀′[
√
1 + (𝜀′′∕𝜀′)2 − 1]

(3)

where 𝑑p is the penetration depth, and 𝑐 is the speed of light in free space.

The study investigates the impact of dielectric heating on changes in the properties of lead contaminants in planting soil. The 
investigation is facilitated by utilizing Eqs. (2) and (3), which describe temperature variations over time and depth of heat penetration 
into the soil, respectively. Essentially, electromagnetic fields are employed to transmit energy to lead-contaminated soil, inducing 
vibrations. Consequently, this process causes lead contaminants within the soil to move upward, accumulating on the upper electrode 
plate. It is noteworthy that lead-contaminated soil exhibits dielectric properties characterized by distinct loss values corresponding 
5

to both temperature and frequency.
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2.3. Measurement of dielectric constant properties

The measurement of dielectric properties entails the use of various tools and equipment available within the same environment 
as shown in Fig. 3. These tools include an open-ended coaxial probe, an Agilent Technologies network analyzer (E5071C), a 50 Ω
coaxial cable, and a computer equipped with software for analysis.

𝜀 = 𝜀′ − 𝑗𝜀′′ (4)

where 𝜀′ is the dielectric constant and 𝜀′′ is the dielectric loss factor.

The relationship between the dielectric constant and dielectric loss is crucial in studying the dielectric properties of materials. This 
relationship indicates the efficiency of dielectric materials under various conditions. Measuring dielectric loss helps in understanding 
the amount of energy lost. Materials with low dielectric loss are more efficient because they lose less energy. Conversely, materials 
with high dielectric loss may be unsuitable for applications requiring stability and high efficiency. After testing with RF waves and 
examining the results by measuring the dielectric constant and dielectric loss, the tested material was found to exhibit a high dielectric 
constant and low dielectric loss. Therefore, it is highly efficient, retains energy well, and is highly suitable for practical applications.

The vector network analyzer (VNA) calibration process involved air, a shorting block, and deionized water, following the recom-

mendations in [76]. The calibration and measurements were performed in a laboratory with an ambient temperature of 25 °C. Prior 
to initiating each measurement, the system was set up with a measurement range of 20 MHz to 10 GHz, utilizing a VNA configured 
with 1001 sampling points.

The complex relative permittivity is an indicator of a material’s capacity to permit the passage of an electric field. It typically 
shows variations that are dependent on frequency when exposed to an external electric field. This frequency-dependent characteristic 
of complex permittivity can be explained by the Debye equation, which is formulated as follows [77]:

𝜀 = 𝜀∞ +
𝜀s − 𝜀∞
1 + 𝑗𝜔𝜏

(5)

where 𝜀s is the static dielectric constant, 𝜀∞ is the dielectric constant at high frequency, 𝜔 is the angular frequency, and 𝜏 is the 
relaxation time. Eq. (5) can be decomposed into dielectric constant 𝜀′ , and dielectric loss factor 𝜀′′ , expressed as Eqs. (6) and (7)

[78], respectively:

𝜀′ = 𝜀∞ +
𝜀s − 𝜀∞

1 + (𝑗𝜔𝜏)2
(6)

𝜀′′ =
(𝜀s − 𝜀∞)
1 + (𝑗𝜔𝜏)2

(7)

2.4. Statistical analysis

To identify significant differences in dielectric properties among soil samples, a one-way ANOVA was conducted thrice using 
MATLAB version R2019a. The analysis employed a 5% significance level. The results indicated substantial differences in the dielectric 
properties across the soil samples tested.

3. Results and discussion

This section presents and analyzes the measured temperature data, dielectric properties, and corresponding statistical analysis 
results.

3.1. Influence of electric field intensity and temperature on the heating system performance

To investigate the influence of electric field intensity on temperature changes during RF heating, experiments were conducted at 
112.5, 150, 225, and 450 kV/m. Soil samples contaminated with lead at concentrations of 200, 600, and 1000 mg/L were subjected 
to 9 kW of power for 30 min. Temperature measurements were recorded every minute using a U5857A infrared thermal imager 
from Keysight Technologies Inc., Santa Rosa, CA, USA [79]. Fig. 4 displays the distinctions in soil contamination at different lead 
concentrations and field intensities.

The analysis involved examining the time–temperature data derived from electric field strengths of 112.5, 150, 225, and 450 
kV/m. Figs. 4–6 present the temperature versus time graphs for soils with high-, medium-, and low-moisture levels, respectively. In 
Figs. 4a–4d, it is evident that the temperature increases with electric field intensity. Over time, higher electric field intensities result 
in higher maximum temperatures, but this does not mean that a higher electric field strength always leads to continuously increasing 
temperatures. When heat reaches its limit or maximum point, the substance enters a state of equilibrium where the temperature does 
not rise further.

According to the measured results, the highest temperature of 109 °C is achieved at an electric field intensity of 450 kV/m after 
5 min of RF heating. This outcome is attributed to the combined effects of high humidity and significant lead contamination in the 
soil, as shown in Fig. 4d.

Additionally, the three soil samples exhibit temperature variations corresponding to their lead concentrations (1000 mg/L >
6

600 mg/L > 200 mg/L). This indicates a correlation between the amount of lead in the soil and temperature, with higher lead amounts 
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Fig. 4. Temperature differences in lead-contaminated soil with high humidity during RF heating at various electric field intensities: a) 112.5, b) 150, c) 225, and 
d) 450 kV/m.

Fig. 5. Temperature differences in lead-contaminated soil with medium humidity during RF heating at various electric field intensities: a) 112.5, b) 150, c) 225, and 
d) 450 kV/m.
7
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Fig. 6. Temperature differences in lead-contaminated soil with low humidity during RF heating at various electric field intensities: a) 112.5, b) 150, c) 225, and 
d) 450 kV/m.

Fig. 7. Relationship between electric field intensity, soil temperature, and lead concentration under a) high-, b) moderate-, and c) low-humidity levels.

resulting in elevated temperatures. The findings indicate a complex interplay between electric field strength, soil lead content, and 
temperature, contributing to the understanding of how lead accumulation in soil may impact the temperature during the application 
process. RF heating with a high electric field intensity of 450 kV/m results in the highest temperatures in soils with the greatest lead 
accumulation, providing insights into theoretical principles and potential future developments in this field.

The measured results depicted in Figs. 5 and 6 indicate that temperature is influenced by electric field intensity. As the electric 
field intensity increases, the temperature also rises, similar to the trend in Fig. 4, but with a lower temperature value for soils with 
medium- and low-humidity levels. Additionally, control lines for the non-contaminated soil are plotted. It is shown that the high-

humidity control lines have large values, similar to those observed in contaminated soil. Moreover, when examining dry soil under 
medium- and low-humidity levels, the control lines indicate lower temperatures, as shown in Figs. 4– 6.

The relationship between electric field intensity, soil temperature, and lead concentration is illustrated in Fig. 7. The temperatures 
8

of soil samples under varying electric field intensities and lead contamination levels (control, 200 mg/L, 600 mg/L, and 1000 mg/L) 



Heliyon 10 (2024) e35787S. Santalunai, J. Pakprom, W. Charoensiri et al.

Fig. 8. Comparison of dielectric properties before and after RF heating for high-humidity soil. Dielectric constant and loss factor measurements at electric field 
intensities of (a) 112.5, (b) 150, (c) 225, and (d) 450 kV/m for lead-contaminated and uncontaminated soil.

across high-, moderate-, and low-humidity conditions are displayed. Under high humidity, the soil temperature rises with increasing 
electric field intensity, peaking at 1000 mg/L lead concentration. A similar trend is shown under moderate humidity; however, the 
overall temperature is lower. A consistent temperature increase is observed under low humidity, with the highest value occurring at 
1000 mg/L and 450 kV/m, although the differences are less pronounced. The results indicate that temperature increases with both 
electric field intensity and lead concentration, impacting the soil dielectric properties and energy absorption.

3.2. Dielectric property measurement results

The dielectric constant and total dielectric loss factor were measured under high-, medium-, and low-humidity levels. Each con-

dition involves two types of soil: untreated soil and soil treated with RF heat. The soil samples were contaminated with lead at 
concentrations of 200, 600, and 1000 mg/L. The dielectric constant measurements were conducted using various electric field inten-

sities of 112.5, 150, 225, and 450 kV/m.

The collected data were statistically analyzed and used to create graphs in MATLAB, adjusting them to fit a polynomial curve. 
This curve aimed to closely represent the actual measured values, as depicted in Figs. 8– 10.

The graphs in Figs. 8–10 show the test results of lead-contaminated soil under the three different moisture conditions, revealing 
some interesting trends. These results were obtained by applying RF heating at electric field intensities of 112.5, 150, 225, and 450 
kV/m under high-, medium-, and low-humidity conditions. In each condition, both RF-treated soil samples and normal (untreated) 
soil samples were analyzed to determine the impact of lead contamination.

The dielectric constants of seven soil samples were measured to facilitate comparisons under varying RF heating conditions. Non-

contaminated soil exhibits the highest dielectric constant. Increasing lead contamination levels correlate with decreasing dielectric 
constant. This is due to the increased electrical conductivity within the material’s lattice structure causing vibrations and gaps in the 
atom. This condition reduces the material’s ability to store charge, ultimately lowering the dielectric constant. This phenomenon is 
well documented in the literature [80][81]. Furthermore, lead-contaminated soil subjected to RF heating shows an increase in the 
dielectric constant, which correlates with the electric field intensity.

Comparison of the three humidity levels reveals that under high-humidity conditions, the dielectric constant exhibits minimal 
changes with RF heating. This suggests that lead removal may be less effective in high-moisture soil. Conversely, in moderate- and 
low-humidity soils, a more significant change in the dielectric constant can be observed, particularly as the electric field intensity 
increases. These findings imply that lead-contaminated soil exhibits greater responsiveness to RF heating and lead may be effectively 
removed from soils with lower moisture content. However, the minimal variation in the dielectric constant in high-moisture soils 
9

indicates a potentially reduced impact of RF heating in those conditions.
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Fig. 9. Comparison of dielectric properties before and after RF heating for medium-humidity soil. Dielectric constant and loss factor measurements at electric field 
intensities of (a) 112.5, (b) 150, (c) 225, and (d) 450 kV/m for lead-contaminated and uncontaminated soil.

Fig. 10. Comparison of dielectric properties before and after RF heating for low-humidity soil. Dielectric constant and loss factor measurements at electric field 
intensities of (a) 112.5, (b) 150, (c) 225, and (d) 450 kV/m for lead-contaminated and uncontaminated soil.
10
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Fig. 11. XRD patterns of lead-contaminated soil samples at various electric field intensities, along with the control sample at 200 mg/L.

These test results demonstrate that the dielectric constant of lead- contaminated soil varies under different conditions, particularly 
with the intensity of the electric field applied during the RF heating process. This provides crucial insights into the mechanism of RF 
heating for lead removal from soil, highlighting the influence of soil moisture on the process effectiveness.

This research focuses on analyzing the dielectric properties of soil samples subjected to RF heating under various conditions. The 
study specifically examines soil moisture at three levels, namely, high, medium, and low, utilizing electric field intensities of 112.5, 
150, 225, and 450 kV/m, as listed in Table 3. Statistical analysis reveals significant differences in the dielectric properties of the soil 
samples under each humidity condition and electric field intensity, particularly when compared with those of untreated or normal 
soil. The most notable differences can be observed at an electric field intensity of 450 kV/m, across all moisture conditions. These 
differences are particularly pronounced in the soil electrical conductivity. The observed variations, distinct from the properties of 
normal soil, clearly demonstrate the impact of electric field intensity on the dielectric properties of soil in varying humidity conditions.

The impact of frequency on the dielectric constant (𝜖′) can be summarized as follows: when the frequency increases, 𝜖′ tends to 
decrease across soils with high-, medium-, and low-moisture levels. For instance, at a lead concentration of 200 mg/L, the dielectric 
constant at 0.2 GHz is 3.04, which decreases to 1.85 at 10 GHz. This trend is observable in all moisture conditions and at all lead 
concentrations. The effect of frequency on the dielectric loss factor (𝜖′′) shows a similar trend: as the frequency increases, the dielectric 
loss factor decreases. For example, for soil with medium moisture at a lead concentration of 200 mg/L, the dielectric loss factor at 0.2 
GHz is 0.70, decreasing to 0.41 at 10 GHz. Therefore, higher frequencies result in lower dielectric properties. This trend is exhibited in 
soils with high-, medium-, and low-moisture levels and at all lead concentrations. These observations are consistent with the general 
principles of dielectric physics, which indicate that as frequency increases, the molecules in the material have less time to align with 
the electric field, resulting in reduced dielectric constant and energy loss.

3.3. Post-heating soil quality and evaluation of lead removal efficiency

When removing lead from soil, factors such as current, voltage, and soil properties must be considered. However, the lead removal 
rate is the most important indicator for evaluating this technology’s effectiveness. Therefore, achieving accurate measurements of the 
lead removal rate is of utmost importance. Additional results were collected using lead-contaminated soil samples with a concentration 
of 200 mg/L, exposed to electric field strengths of 112.5, 150, 225, and 450 kV/m, along with unheated soil as control samples 
(contaminated with lead (II) acetate trihydrate at 200 mg/L). These samples were analyzed using X-ray diffraction (XRD). Fig. 11

shows the XRD patterns of lead-contaminated soil samples at various electric field intensities, alongside the control sample at 200 
mg/L. The analysis reveals that lead does not react with silica and remains in the form of lead acetate. The observed pattern confirms 
lead contamination and indicates that RF heating facilitates lead ion migration, aiding in soil remediation. The overall effectiveness 
of RF heating lies in its ability to selectively target lead contaminants while preserving the soil structural integrity. This optimization 
is achieved by addressing both the electrical and chemical aspects of the remediation process.

Table 4 compares the composition of soil samples in glass dishes, focusing on silicon, lead, and other components, analyzed using 
the XRF technique under different conditions and electric field strengths. A clear trend in lead removal rates is evident: as the electric 
field intensity increases, the lead removal efficiency improves. Specifically, the average removal rates are 15.385% at 112.5 kV/m, 
30.769% at 150 kV/m, 42.308% at 225 kV/m, and 46.154% at 450 kV/m (the highest rate). These data suggest that higher electric 
11

field strengths significantly enhance the electrostatic forces acting on lead ions, thereby increasing their removal from the soil. In 
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Table 3

Dielectric Properties of Lead-Contaminated Soil Samples at Various Concentrations.

Soil 
condi-

tions

Substance 
concentration 
(mgL−1)

Fre-

quency 
GHz

Normal 112.5 150 225 450
kV∕m kV∕m kV∕m kV∕m

𝜖′ 𝜖′′ 𝜖′ 𝜖′′ 𝜖′ 𝜖′′ 𝜖′ 𝜖′′ 𝜖′ 𝜖′′

200

0.2 3.04 0.49 1.93 0.48 1.98 0.48 2.03 0.48 2.08 0.49

1.0 2.70 0.47 1.89 0.46 1.94 0.46 1.99 0.46 2.04 0.46

3.0 2.13 0.44 1.75 0.43 1.80 0.43 1.84 0.43 1.89 0.43

6.0 1.82 0.45 1.53 0.43 1.57 0.43 1.61 0.43 1.65 0.43

10.0 1.85 0.44 1.63 0.42 1.68 0.41 1.72 0.41 1.77 0.41

600

0.2 3.04 0.49 1.49 0.31 1.54 0.31 1.59 0.31 1.64 0.31

Height 1.0 2.70 0.47 1.47 0.29 1.52 0.29 1.57 0.29 1.61 0.29

humidity 3.0 2.13 0.44 1.37 0.26 1.42 0.26 1.47 0.26 1.51 0.26

6.0 1.82 0.45 1.21 0.27 1.26 0.27 1.30 0.27 1.34 0.27

10.0 1.85 0.44 1.27 0.25 1.32 0.25 1.37 0.25 1.42 0.25

1000

0.2 3.04 0.49 1.51 0.16 1.20 0.16 1.25 0.16 1.30 0.16

1.0 2.70 0.47 1.47 0.16 1.19 0.16 1.24 0.16 1.29 0.16

3.0 2.13 0.44 1.11 0.15 1.16 0.15 1.21 0.15 1.26 0.15

6.0 1.82 0.45 1.04 0.15 1.09 0.15 1.14 0.15 1.19 0.15

10.0 1.85 0.44 1.06 0.14 1.10 0.14 1.16 0.14 1.21 0.14

200

0.2 3.04 0.49 2.29 0.35 2.29 0.37 2.31 0.39 2.34 0.40

1.0 2.70 0.47 2.08 0.33 2.08 0.35 2.10 0.37 2.13 0.38

3.0 2.13 0.44 1.72 0.31 1.72 0.32 1.74 0.34 1.77 0.35

6.0 1.82 0.45 1.50 0.31 1.50 0.33 1.52 0.35 1.56 0.36

10.0 1.85 0.44 1.51 0.31 1.51 0.32 1.53 0.34 1.56 0.35

600

0.2 3.04 0.49 1.96 0.23 1.94 0.25 1.97 0.27 1.99 0.28

Medium 1.0 2.70 0.47 1.75 0.21 1.73 0.23 1.76 0.25 1.78 0.26

humidity 3.0 2.13 0.44 1.39 0.18 1.37 0.20 1.40 0.22 1.43 0.23

6.0 1.82 0.45 1.22 0.19 1.20 0.21 1.23 0.23 1.26 0.24

10.0 1.85 0.44 1.41 0.14 1.39 0.20 1.42 0.22 1.44 0.23

1000

0.2 3.04 0.49 1.16 0.18 1.18 0.19 1.23 0.21 1.25 0.22

1.0 2.70 0.47 1.15 0.16 1.17 0.17 1.22 0.19 1.24 0.20

3.0 2.13 0.44 1.13 0.13 1.15 0.14 1.20 0.16 1.22 0.17

6.0 1.82 0.45 1.10 0.14 1.12 0.15 1.17 0.17 1.19 0.18

10.0 1.85 0.44 1.11 0.14 1.13 0.14 1.18 0.16 1.20 0.17

200

0.2 3.04 0.49 2.55 0.35 2.75 0.37 2.87 0.38 3.03 0.40

1.0 2.70 0.47 2.29 0.33 2.45 0.35 2.56 0.36 2.69 0.38

3.0 2.13 0.44 1.87 0.31 1.97 0.32 2.04 0.34 2.12 0.35

6.0 1.82 0.45 1.64 0.31 1.72 0.33 1.77 0.34 1.83 0.36

10.0 1.85 0.44 1.68 0.30 1.76 0.32 1.81 0.33 1.87 0.35

600

0.2 3.04 0.49 1.64 0.22 1.82 0.23 1.95 0.25 2.11 0.26

Low 1.0 2.70 0.47 1.53 0.20 1.68 0.21 1.78 0.23 1.92 0.24

humidity 3.0 2.13 0.44 1.34 0.17 1.45 0.19 1.51 0.20 1.60 0.22

6.0 1.82 0.45 1.25 0.18 1.18 0.19 1.38 0.21 1.45 0.22

10.0 1.85 0.44 1.27 0.17 1.35 0.18 1.40 0.20 1.47 0.21

1000

0.2 3.04 0.49 1.27 0.14 1.45 0.16 1.62 0.17 1.80 0.19

1.0 2.70 0.47 1.21 0.12 1.37 0.14 1.51 0.15 1.66 0.17

3.0 2.13 0.44 1.13 0.10 1.24 0.11 1.33 0.13 1.44 0.14

6.0 1.82 0.45 1.10 0.10 1.18 0.12 1.25 0.13 1.33 0.15

10.0 1.85 0.44 1.10 0.09 1.19 0.11 1.24 0.12 1.35 0.14

Table 4

Composition of soil samples analyzed by X-ray fluorescence at various electric field strengths.

Type Control Normal Control 200 mg/L 112.5 kV/m 150 kV/m 225 kV/m 450 kV/m

Si (%) 93.95 93.80 93.303 93.170 88.725 87.259

Pb (%) - 0.026 0.022 0.018 0.015 0.014

Other (%) 6.05 6.174 6.812 6.812 11.260 12.727

addition, the changes in the soil physicochemical properties under different electric field strengths alter the distribution of silicon 
and other elements.

The quality of treated contaminated soil was evaluated. Fig. 11 displays soil contaminated with lead (II) acetate trihydrate (at a 
concentration of 200 mg/L) adhering to the upper electrode plate after RF heating. This adhesion is due to the movement of heavy 
metal (lead) ion particles within the soil, driven by the high-intensity electric fields between the electrodes. As the electric field 
12

traverses the gap between electrodes, the heavy metal ion particles are subjected to an electrostatic force, drawing them toward the 
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Fig. 12. Soil contaminated with lead (II) acetate trihydrate adhering to the upper electrode plate after RF heating at electric field intensities of (a) 112.5, (b) 150, 
(c) 225, and (d) 450 kV/m.

opposite plate. Observations reveal that the soil layer on the top plate progressively thickens with increasing electric field intensity. 
This phenomenon correlates with the findings for the dielectric constant and dielectric loss factor measurements presented in Fig. 10d. 
The dielectric value of the soil sample contaminated with lead at 200 mg/L approaches that of normal soil samples as the electric 
field intensity increases. The sample that adhered to the top plate under RF heating at 450 kV/m, as shown in Fig. 12d, was analyzed 
using XRF. This condition was chosen because the dielectric constant measurement indicated that it closely matched the dielectric 
constant of uncontaminated soil. The XRF analysis indicates that the sample contains lead with a mass of 0.013%, indicating effective 
migration and accumulation of lead particles on the electrode.

4. Conclusions

This paper presents a comprehensive study on the effectiveness of RF heating in mitigating lead contamination in soil. The study 
involved assessing the reduction of lead levels by measuring the dielectric constant, using lead (II) acetate trihydrate as a soluble 
indicator. The experiment was meticulously conducted on soil samples with varying lead concentrations of 200, 600, and 1000 mg/L 
under different electric field intensities (112.5, 150, 225, and 450 kV/m). Additionally, the soil samples were categorized based on 
their moisture content, namely, high-, medium-, and low-humidity levels, to determine the influence of moisture on the remediation 
process. The study revealed an inverse correlation between dielectric constant and lead concentration in soil samples. However, 
RF heating increased the dielectric constant, indicating effective lead removal. At 450 kV/m, XRF analysis showed a maximum 
removal rate of 46.154%. XRD confirmed that lead remained as lead acetate, demonstrating the potential of RF heating for broader 
contaminant remediation. The study found an inverse correlation between dielectric constant and lead concentration in soil samples. 
However, when these contaminated soils were subjected to RF heating, the dielectric constant remarkably increased with increasing 
electric field intensity, indicating the effectiveness of RF heating in lead removal. At 450 kV/m, the XRF analysis showed removal 
rates peaking at 46.154%. The XRD analysis confirmed that lead remained as lead acetate, demonstrating the efficacy of RF heating 
13

for lead remediation in soil and suggesting its potential for treating other contaminants.
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Moreover, the impact of soil moisture content was significant. Soils with high humidity showed minimal changes in dielectric 
constant when subjected to RF heating, implying a lesser efficiency in lead removal under this condition. In stark contrast, soils with 
medium- and low-humidity levels exhibited more substantial changes in their dielectric constants, indicating that RF heating is more 
effective in these environments. The research conclusively demonstrated that, when subjected to RF heating, the dielectric constant 
of lead-contaminated soil responds differently under varying conditions of electric field intensity and soil moisture. This variability 
provides crucial insights into the mechanism of RF heating in soil lead removal, especially under different moisture conditions. The 
study conclusively highlighted the efficacy of RF heating as a feasible method for mitigating lead pollution in soils, particularly in 
environments characterized by medium- to low-moisture levels. It is suggested that forthcoming investigations should explore the 
broader applicability of the RF treatment methodology across various substrates, including aquatic systems. Additionally, extending 
its remediation capabilities to a diverse array of heavy metals—such as silver, cadmium, chromium, copper, mercury, nickel, and 
zinc—as well as crude oils would be valuable.
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