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*is paper presents a new method of dielectric capacitance cell as a proposed device for measuring the impedance of pure sand
artificially contaminated with four heavy metals. Dielectric constant and loss factor of clean and contaminated sand at various
levels were calculated from the measured sand impedances. *e advantages and benefits of using the proposed dielectric ca-
pacitance cell were its low cost, simple calculation, calibration procedures, portable and lightweight, and easy to modify the
electrodes to suit testing in the field. Pure sand was saturated with water artificially polluted in the lab with Pb, Cd, Fe, and Zn at
heavy metal contents 0, 7.5, 15, 22.5, and 30mg/kg of sand.*e dielectric properties of polluted sand were evaluated at a frequency
range from 100 kHz to 1000 kHz. *e polluted sand exhibit different dielectric constants and loss factors from the unpolluted
sand. *e results also indicate that the dielectric constant decreases with increasing pollution level for all heavy metals. *is may
attribute to the polarization mechanism change with existing heavy metal. *e loss factor of sand increases with the increasing
pollution level. *is may be explained by the increase of ionic conductivity of pore water with heavy metal in the sand. Sand
polluted with heavy metal with higher resistivity and density possess a higher dielectric constant and lower loss factor than other
polluted metals. Evaluation of the dielectric characteristics of polluted sand could have the potential to monitor heavy metal
pollution. Even with promising results obtained with the proposed dielectric device, it is necessary to explore several other factors
affecting the measurements such as sand water content, soil texture, and type of soil. Also, testing polluted soil near industrial
pollution is needed.

1. Introduction

*e soil could be contaminated by heavy metals due to
industrial and human activities such oil industry, solid waste
disposal, leachate of sanitary landfill, and heavy oil reservoir
problems. Soil contaminated by heavy metals is considered a
vital and dangerous problem in many countries around the
world. In recent years, with the development of the global
economy, both the type and content of heavy metals in the
soil caused by human activities have gradually increased,
resulting in the deterioration of the environment [1–3].

Heavy metals are highly hazardous to the environment and
organisms. It can be affected by soil productivity and food
security through the food chain, whereas the metals in the
soil can be taken up by plants and transferred to a higher
trophic level by means of herbivory [4–7]. *e persistence of
heavy metals in soils is a long process and becomes a critical
global issue [7–9].

High concentrations of heavy metals in soils may cause
long-term risks to ecosystems and humans [10, 11]. Al-
though heavy metals are released in varying quantities into
the soil from parent materials, increasing environmental
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contamination has been caused by human activities, such as
fossil fuel combustion, waste disposal sewage irrigation,
wars, mining and smelting activities, and the use of pesti-
cides and fertilizers [12–15].

Measured complex permittivity and dielectric properties
of materials have been used extensively in the last two
decades. Several geophysical electromagnetic methods could
be used to determine dielectric properties of materials such
as soil. *ese methods include the free-space microwave
sensor [16, 17], microwave waveguide method [18], time
domain reflectometer [19–21], and parallel plate capacitor
[22, 23].

Recently, several researchers investigated the use of
dielectric methods for evaluation and assessment of soil and
rock contaminated with heavy metals. Liu et al. [24] studied
the dielectric constant of chrome-contaminated soil. *e
result from this study indicates that the real and imaginary
parts of the complex dielectric constant increase with an
increase in contamination concentration and water content.
Dielectric dispersion characteristics of sand contaminated
by heavy metal and landfill leachate were evaluated by lee
et al. [25]. *e results show that the imaginary part of soil
contaminated with Pb significantly increased with the
concentration of the contaminants in both unsaturated and
saturated sand in the frequency 75 kHz up to 10MHz.
Chenaf and Amara [26] valuated the dielectric properties of
unsaturated soil contaminated with heavy metal and diesel
using TDR. *e measured dielectric properties have been
found to increase when heavy metal concentration increases.
Saltas et al. [27] conducted a study on measuring dielectric
and conductivity of sandstone samples in frequency from
10Hz to 1000 kHz to investigate if dielectric spectroscopy
could detect pollution that leach in porous rock and soil.*e
results of this investigation indicate that the relaxation time
of pure sandstone is strongly influenced by small changes in
leachate concentration, but it is insensitive at higher con-
centrations. Saltas et al. [28] also investigated the use of
dielectric and conductivity of bentonite contaminated with
Ni and Pb. *e results of dielectric proved to be sensitive at
low concentrations of heavy metals and could be used to
estimate the level of the heavy metals in bentonite samples.
In addition, the electrode capacitor method is used widely
for soil evaluation, and recently, several studies were con-
ducted in environmental assessment and soil pollution
[29–31].

Heavy metal is an element with metallic properties. Most
of heavy metals have an atomic number greater than 20.
Standard permissible limits of heavy metals in soil vary from
country to country and within the same country for different
areas such as residential or industrial area. *e standard
maximum limits vary with several factors such as pH and
temperature. Table 1 presents the comparison of the most
common contaminants of heavy metal in several countries
and the maximum limits proposed by U.S. EPA and Europe
[32–34].

In this paper, an electromagnetic method was manu-
factured and used for determination of soil dielectric
properties. *is method operates in low frequency, which
makes it simple for calculation and reduced the cost of low

frequency source of electromagnetic signal. *is proposed
method is portable, light weight, and low cost. *e proposed
method is called dielectric capacitive method. *is was used
to investigate whether the dielectric properties of sand
calculated from the measured sand impedances could be
used to detect heavy metal pollution in sand and estimate the
pollution level.

2. Materials and Methods

Anewdevice called dielectric capacitance cell (DCC) is proposed
tomeasure the impedance of pure sand artificially polluted in lab
with four heavy metals at various levels. *e dielectric constant
and loss factor of clean and polluted sand were calculated from
the measured impedances of sand in the frequency range of
100kHz–1000kHz. *e DCC device, pure sand characteristics,
heavy metal properties, the testing procedures, and testing re-
gime are presented in the following subsections.

2.1. Dielectric Capacitance Cell. When materials such as soil
exposed to alternative current (AC), an interaction between
soil material and AC will be controlled by a physical soil
property called complex permittivity ε∗. *e complex per-
mittivity of the soil consists of two distinguished properties,
namely, the real part called dielectric constant ε′ which
explains how much energy from AC signal absorbed by the
soil, and the imaginary part called the loss factor ε″ rep-
resents the amount of energy lost from AC signal to conduct
the electric current through the soil. Complex permittivity of
soil is given by

ε∗ � ε′ + jε″. (1)

Several techniques and sensor technologies were used to
determine the real and imaginary component of complex
permittivity of soil. *ese methods include the free-space
microwave sensor, time domain method, resonant cavity,
waveguide method, and electrode method [16–22]. Among
these methods, the parallel electrode capacitance method is
used due to the low cost manufacture, simple calculation
method, and easy to calculate the complex permittivity from
the measured impedance of the soil under the test, portable,
and electrode could be fabricated to suite the testing in the
field [29–31]. *erefore, this dielectric capacitive method
was used in this study.

*e capacitive cell measures the complex impedance
Zsand � Z′ + jZ″ of the sand under testing. *e complex
permittivity of soil was calculated from the measured complex
admittance of sand Ysand � Y′ + jY″ which is related to the
complex impedance of the soil using equation (2). Equations
(3)–(5) were used to calculate sand complex permittivity
known as the dielectric constant and loss factor. Further details
of this calculation could be found in literature [22, 35].

Y �
1
Z

, (2)

Dielectric constant � εsan d
′ �

Ysand′

ωCo

, (3)
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tan(δ) �
Ysand″

Ysand′
, (4)

Loss factor � εsand″ � εsand′ tan(δ)
Ysand″

ωCo

. (5)

Dielectric characterization of clean and polluted sand
samples was performed in the lab using a dielectric ca-
pacitance cell (DCC). *e prototype lab DCC and its
schematic diagram are shown in Figures 1(a) and 1(b),
respectively. *e internal dimensions of DCC were
80× 80× 40mm. Two connected electrodes with dimensions
of 80× 80× 2mm were attached to the two opposite faces of
the rectangular cell. *e two electrodes were connected to
the LCR meter. *e LCR meters form the source of the AC
current signal and measure the impedance of the soil sample
under testing. *e LCR meter was connected to a personal
computer for data acquisition. *e personal computer was
used to automate the testing and calculate the dielectric
constant and loss factor of clean and contaminated sand
using equations (1)–(5). Cable impedance, plate impedance,
and fringing impedance were determined and removed from
the measured impedances of sand using an appropriate
model circuit reported in a previous study [22, 35]. *is
setup operates and measures dielectric properties of sand
over frequency range from 100 kHz to 1000 kHz. Extension
of operation frequency could be made with the same setup
up to 30MHz with good accuracy.

2.2. Clean Sand Samples. In this study, pure clean sand was
used. *e grain size distribution of the clean pure sand was
established by performing sieve analysis according to ASTM
Standard D 442 standard. *e results of the sieve analysis
and particle size distribution of sand are presented in Fig-
ure 2. *e properties of clean pure sand such as porosity (n),
specific gravity (Gs), and bulk density were measured
according to the procedure in reference [36], and the results
are listed in Table 2.

2.3. Heavy Metals and Testing Regime. Four heavy metals
(Pb, Fe, Cd, and Zn) were used in this study to pollute the
pure sand samples at five levels of contamination for each
heavy metal. Pure sand was saturated with water artificially
polluted in the lab with Pb, Cd, Fe, and Zn at heavy metal
contents 0, 7.5, 15, 22.5, and 30mg/kg of sand.*is pollution

level is considered low pollution limit, and it is close to the
allowable limit of Cd adopted in the USA which was the
highest allowable limit compared to other countries. *e
amount of heavy metals in the aqueous solution (NO3) was
added to water. *e mixtures were stirred for 15 minutes at
room temperature (25°C) to have a homogeneous solution.
*e total amount of water and heavy metals used equals to
the amount of reaching saturated condition of sand which is
40%. *is procedure will make all clean and polluted
samples having the same moisture condition of 40% equal to
the porosity of pure sand and form 100% saturated sample
with water for all levels of pollution and for all four heavy
metals used in this study. *is procedure was adopted to
remove the effect of water to measure dielectric properties of
clean and contaminated sand. *e variation of the dielectric
properties of clean and polluted sand will be affected by
heavy metal type and content.*e clean and polluted sample
at any pollution level was inserted in the dielectric cell, and
the impedance of the sample was measured at 10 frequency
values. *e range of testing frequency was from 100 kHz to
1000 kHz with an increment equal to 100 kHz. *e dielectric
properties of clean and polluted sand were calculated from
the measured sand impedances at each frequency.

*e basic properties of the four heavy metals Pb, Fe, Cd,
and Zn used in this study are given in Table 3.*e properties
of these heavy metals are used for understanding of the effect
of heavy metal type on dielectric properties based on the
certain properties of the heavy metal. Pb has the highest
density and highest electrical resistivity, while Zn possesses
the lowest of both density and electrical resistivity.

3. Results and Discussion

*e effect of heavy metals Pb, Fe, Cd, and Zn and level of
pollution on the complex permittivity in the frequency range
from 100 kHz to 1000 kHz were explored. *e effect of
frequency, heavy metal type, and heavy metal pollution level
was evaluated and presented in the following subsections.

3.1. Effect of Frequency and Heavy Metals. In general, di-
electric properties of material are affected by several factors
including frequency, density, and moisture condition. *e
results of both the dielectric constant and loss factor cal-
culated from themeasured impedances of clean and polluted
sand with four heavy metals (Pb, Fe, Cd, and Zn) at five
levels of pollution using the proposed new device DCC are

Table 1: *e basic properties of the four heavy metals [32, 33, 34].

Country/Organization
Residential area

As Cd Cr Cu Hg Ni Pb Zn
Max. limits on heavy metals applied to soils (USEPA, 2000) 75 85 1500 4300 57 420 840 7500
European Union standards 60 1–3 100–180 50–140 50 30–75 50–300 150–300
Australia 20 3 50 100 1 60 300 200
Canada 20 3 250 150 0.8 100 100 200
Germany 50 5 500 200 5 200 1000 600
UK 43 1.8 - - 26 230 - 200
USA 0.11 20 11 270 1 210 150 1100
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presented in Figures 3–6.*e results in these figures indicate
the change of both the dielectric constant and loss factors of
all samples with frequency range from 100 kHz to 1000 kHz.
*e results of all samples indicate that as frequency in-
creases, the sand net polarisation drops as each polarisation
mechanism ceases to contribute, and hence, its dielectric
constant and loss factor drops. *e polarization of a di-
electric material such as clean and polluted sand used in this
study is contributed by ionic, electronic, and dipole polar-
ization. *e electronic and dipole polarization of sand
samples occurs in longer interval of time than the time
required for alternative current (AC) to change its direction
at high frequency. *e dipole molecules of sand cannot
reorient themselves within a short time available at the high
frequency.*is will not allow the sandmaterial to storemore
energy from the applied AC where the AC direction changed
very fast. *is phenomenon is responsible to decrease both

the dielectric constant and loss factor at high frequency for
sand sample at all heavy metal types and content.

*e results of the dielectric constant at low frequency
increase with increasing heavy metal content for all heavy
metals used as shown in Figures 3(a)–6(a). *is result may
attribute to the high electrode polarization at low frequency
and double layer polarization. Similar trend was observed in
literature [27]. To avoid the electrode effect in low frequency
less than 300 kHz, it is recommended to compare the results
at frequency higher than 300 kHz. After 300 kHz, the trend
was opposite, and the sand containing higher heavy metal
content shows lower dielectric constant.

*e results of the loss factor indicate that at all frequency
ranges, the loss factor of polluted sand increases with in-
creasing heavy metal content as shown in Figures 3(b)–6(b).
*is increase in the loss factor of high level of polluted sand
is due to increasing ionic concentration. *e ion concen-
tration increased because all heavy metals have a good
conductivity compared with sand particles. *erefore,
electrical conduction is enhanced by the free movement of
charges, and the ionic constituents act as charge carriers.
*ese ions are coming from the electrochemical reaction,
anodic reaction, where the metal dissolves into aqueous
metal ions, and electrons are generated.

3.2. Relationship between Dielectric and Pollution Level.
To better visualize the relationship between the level of heavy
metals in sand and the dielectric properties, the results of
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Figure 1: Dielectric capacitance cell. (a) Schematic diagram of DCC. (b) Prototype of lab DCC.
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Figure 2: Grain size distribution and sieve analysis of the clean pure sand.

Table 2: Properties of clean sandy soil.

Soil properties Value of sandy
soil sample

Total volume (V) of the dry sample (cm3) 315.66
Volume of solid (cm3) 189.39
Volume of voids (Vv) (cm3) 126.26
Porosity n 0.4 (40%)
Specific gravity (Gs) 2.64
Bulk density (g/cm3) 1.584
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each heavy metal were compared at frequencies 500 kHz and
700 kHz. *e statistical analysis of the relationship between
heavy metal content in sand material and complex per-
mittivity of sand was performed.*e linear regressionmodel
to relate dielectric properties with the level of pollution is
given by

Dielectric constant � εsand′ � co + c1(pollution level), (6)

Loss factor � εsand″ � bo + b1(pollution level), (7)

where co, c1, bo, and b1 are the regression model parameter
constants. *e regression linear models of dielectric
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Figure 3: Complex permittivity of sand contaminated with Pb. (a) Dielectric constant versus frequency. (b) Loss factor versus frequency.

Table 3: *e basic properties of the four heavy metals.

Basic properties Pb Fe Cd Zn
Density (g/cm3) 11.34 7.874 8.65 7.14
Atomic number 82 26 48 30
Electrical resistivity (nΩm) 208 96.1 72.7 59.0
Standard atomic weight 207.2 55.845 112.414 65.38
*ermal conductivity W/(m·K) 53.3 80.4 96.6 116

Crystal structure Face-centered
cubic (fcc)

Body-centered
cubic (bcc) Hexagonal close-packed Hexagonal close-packed
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Figure 4: Complex permittivity of sand contaminated with Cd. (a) Dielectric constant versus frequency. (b) Loss factor versus frequency.
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constants with the pollution level at frequencies 500 kHz and
700 kHz for all types of heavy metals are given in
Figures 7(a)–10(a).*e parameters of the regression analysis
of these linear relations at two frequencies are indicated in
Figures 7(a)–10(a). *e models show high quality of fit
where the square correlation factors are high and close to
one. *e relationship indicates that the increasing level of
pollution of heavy metals in sand will decrease the dielectric
constants of sand. *e square correlation coefficients were
0.9810, 0.9544, 0.9533, and 0.9738 for heavy metals Pb, Cd,
Fe, and Zn, respectively. *is high quality of fit allow the
researchers to estimate and quantify the level of heavy metal
pollution of pure artificial sand polluted with these heavy
metal based on the calculated value of the dielectric constant
obtained using the proposed dielectric capacitive cell.

*e regression linear models of loss factors with the
pollution level at frequencies 500 kHz and 700 kHz for all
types of heavy metals are given in Figures 7(b)–10(b). *e
parameters of the regression analysis of these linear relations
at two frequencies are indicated in Figures 7(b)–10(b). *e
models show high quality of fit where square correlation
factors are high and close to one. *e relationship indicates
that the increasing level of pollution of heavy metal in sand
will increase the loss factor of sand. *e square correlation
coefficients were 0.9800, 0.9730, 0.9521, and 0.9889 for heavy
metals Pb, Cd, Fe, and Zn, respectively. *is high quality of
fit allows the researchers to estimate and quantify the level of
heavy metal pollution of pure artificial sand polluted with
these heavy metals based on the calculated value of loss
factors obtained using the proposed dielectric capacitive cell.
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Figure 5: Complex permittivity of sand contaminated with Fe. (a) Dielectric constant versus frequency. (b) Loss factor versus frequency.
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Figure 6: Complex permittivity of sand contaminated with Zn. (a) Dielectric constant versus frequency. (b) Loss factor versus frequency.
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Figure 7: Regression analysis of complex permittivity and Pb content. (a) Dielectric constant versus Pb content. (b) Loss factor versus Pb
content.

15

20

25

30

35

40

45

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
Heavy metal content (mg/kg of sand)

Frequency = 500 kHz
Frequency = 700 kHz

D
ie

le
ct

ric
 co

ns
ta

nt

y = –0.4533x + 36.4
R2 = 0.9383

y = –0.5133x + 40.5
R2 = 0.9544

(a)

Heavy metal content (mg/kg of sand)

15

215

415

615

815

1015

1215

1415

1615

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0

Lo
ss

 fa
ct

or

Frequency = 500 kHz
Frequency = 700 kHz

y = 25.333x + 238
R2 = 0.965

y = 36x + 325
R2 = 0.973

(b)

Figure 8: Regression analysis of complex permittivity and Cd content. (a) Dielectric constant versus Cd content. (b) Loss factor versus Cd
content.
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Figure 9: Regression analysis of complex permittivity and Fe content. (a) Dielectric constant versus Fe content. (b) Loss factor versus Fe
content.
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3.3. Effect of HeavyMetal. To compare the signature of heavy
metal type and content on dielectric properties of sand, the
results of complex permittivity of sand polluted with the four
heavy metals were presented at 500 kHz. Comparison of the
effect of heavymetal type and content on dielectric properties is
given in Figure 11. At frequency 500 kHz, the dielectric con-
stant of polluted sand decreases with the increasing heavymetal
pollution content. *is could be attributed to high conducting
of heavy metal compared to the sand particles. An increase in
the conductive phase of pore structure from increasing heavy
metal content reduces the dielectric constant of sand mixture
with heavymetal.*is trend was observed for all types of heavy
metal and at all frequencies greater than 300 kHz.

*e results also indicate that the loss factor of sand
increases with increasing heavy metal content at frequency
500 kHz. *is trend was observed for all heavy metals and at
all frequencies from 100 kHz to 1000 kHz. *e addition of

more heavy metal to the sand converts the sand mixture to
high conducting material. *is will allow the sand polluted
with higher level of heavy metal to loss the AC energy by
increasing the pass of the AC current through polluted sand.

*e results also indicate that heavy metals possess high
density and high electrical resistivity as indicated in Table 3
and have the high dielectric constant and low loss factor. If
the density of the heavy metal decreased and its electrical
resistivity decreased, the dielectric constant of sand polluted
with this metal increased and the loss factor decreased. At
the same pollution level, Pb has the highest dielectric
constant and lowest loss factor because Pb has high density
(11.34 g/cm3) and high resistivity (208 nΩm) as presented in
Table 3. Similarly, using the data in Table 3, Zn possess the
lowest resistivity (59 nΩm) and low density (7.14 g/cm3);
therefore, Zn has the lowest dielectric and highest loss factor
at the same pollution level compared to other heavy metals.
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Figure 10: Regression analysis of complex permittivity and Zn content. (a) Dielectric constant versus Zn content. (b) Loss factor versus Zn
content.
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Figure 11: Effect of type and content of heavy metals on soil complex permittivity at frequency 500 kHz. (a) Dielectric constant versus heavy
metal content. (b) Loss factor versus heavy metal content.
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4. Conclusions

*e development of fast and effective methods for detecting
and treating pollution in soil is of great importance in the
scientific community, as it covers a multidisciplinary field of
work, due to the great impact of pollution on ecosystems and
human health; in particular, heavy metals present in many
industrial areas pollute the soil significantly. *erefore, this
study proposed a new device called dielectric capacitive cell
to calculate the dielectric constant and loss factor from the
measured sand impedances. *e pure sand artificially
contaminated with four heavy metals and at five pollution
levels for each heavy metal. *e pollution level ranges from
0mg/kg to 30mg/kg of sand with and increment of 7.5mg/
kg. *e dielectric properties obtained using this device
shows that both the dielectric constant and loss factor of
clean and contaminated sand decrease with increasing
frequency in the frequency range from 100 kHz to 1000 kHz.
*e presence of heavy metal in sand causes a decrease in the
dielectric constant and an increase of the loss factor of sand.
*e heavy metal of higher electrical resistance indicates a
high dielectric constant and low loss factor for the same level
of pollution compared to other heavy metals. *e dielectric
constant increases with increasing heavy metal electrical
resistivity and decreases with increasing heavy metal con-
tent. *e loss factor shows that opposite trends were the loss
factors that increase with increasing electrical resistance of
heavy metal and increase with the increasing pollution level.
Linear regression models were developed to relate the di-
electric properties of sand with the level of heavy metal
pollution. *e proposed device is a promising tool, and the
results obtained could form a base for further studies to
evaluate polluted soil with heavy metals. Because this study
uses pure sand artificially contaminated with various level of
heavy metals in the lab, further use of this method is sub-
jected to necessary evaluation of other factors affecting di-
electric properties of sand such as moisture condition, sand
type, and soil type. In addition, investigate the usefulness of
the method by testing contaminated soil near industrial
areas in the field.
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