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Abstract
Substances' electrical properties react promptly to minor alterations in the specimens (texture). This electrical characteristics 
response depends on pH and, hence, on the surface charge. In this article, we attempt to keep the synthetic specimens homo-
geneous. Sand and pure hematite is smashed independently and aggregated (hematite were collected from Eastern Desert, 
Cairo, Egypt). Electrical parameters were examined at frequencies ranging from 0.1 to  105 Hz (dry, 21 °C). The electrical 
range of the measured data varies considerably depending on the frequency spectrum, specimens' concentration, constitution, 
and/or arrangement of the components (texture). There are two conduction areas relying on frequency-dependent conductiv-
ity (two slopes). Dielectric permittivity increases linearly with concentration. Dielectric permittivity is rapidly decreasing 
as the spectrum expands. Jonscher's law is applicable to all electrical characteristics. The hematite conductor concentration 
changes in the synthetic specimens and accordingly the texture of the specimens. The study of these electrical characteristics 
may assist in the modeling and simulation of rock electrical properties. The relationships between the ore's nature, mineral 
compositions, and electrical properties are valuable for exploration methods.
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Introduction

Electrical resistivity and induced polarizability are common 
rock electrical properties used to locate mineral deposit zones 
and investigate the thermal and compositional structure of the 
Earth's core. The exploration and interpretation of the electrical 
characteristics of conducting and semiconducting components 
in combinations have recently gained popularity. There are 
just a few analytical considerations of electrical conductivity 
in composite materials. As a result, it is critical to identify the 
analytical display of electrical characteristics of mixtures in pro-
portion to conductor concentration (Capozzoli et al. 2022). It is 
also necessary to explain the specimen's texture and electrical 
transfer processes (Lima 1995; Gomaa 2009, 2013).

Low-frequency electrical spectroscopy is very valuable, as it 
provides more information than static electrical measurements 
of mobility or conductivity. Experiments have proved that the 

dielectric response is very sensitive to the conductor proper-
ties (as will be seen below). Moreover, the amplitude and the 
frequency dependence of the response are related to transport 
processes around the particles or grains, which, in their turn, 
depend on the double layer structure and the particle or grains' 
shape. Low-frequency dielectric spectroscopy involves major 
technical problems related to electrode polarization in combina-
tion with unfavorable phase angles of the impedances, and the 
four-electrode technique may solve this problem. Measurement 
of the static conductivity does not suffer from such technical 
problems.

Electrical transport techniques in any composite are pri-
marily determined by the volume ratios of the conductors 
and insulators, as well as the relationship of each compo-
nent in the specimen (Gomaa 2008; Olhoeft 1985). The 
effective electrical characteristics of shaly sands are mostly 
determined by particle size (Lima and Sharma 1991, 1992). 
Furthermore, electrical characteristics are affected by par-
ticle shape (Sen 1981, 1984, Gomaa and Abou El-Anwar 
2017), the effective electrical linkages of creating and occu-
pying interstices (Chew and Sen 1982; Vinegar and Wax-
man 1984; Sen 1989), random connections, and composite 
heterogeneity (Abou El-Anwar and Gomaa 2013). Textural 
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heterogeneities or geometric parameters of specimens 
change contact electrical characteristics (Sen, 1981; Knight 
and Endres, 1990; Knight and Nur 1987), or interface reac-
tions (Maxwell–Wagner relaxation process) between grains 
(Marshall and Madden, 1959; Dias, 1972; Dukhin and 
Shilov, 1974; Chew and Sen, 1982).

The permittivity (ε) has a power-law dependency relation-
ship with frequency (w) (Franceschetti and Macdonald 1977; 
Glover et al. 1994; Gomaa et al. 2009; Gomaa et al. 2000; 
Gomaa 2006, 2022; Huggins 1975; Jonscher 1977; Kassab et al. 
2017; Kurien et al. 2006; Levitskaya and Sternberg 2000; Mac-
donald 1974; Shaltout et al. 2012; Simon and Franke 2000). 
This association is most likely influenced by the texture of the 
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Fig. 1  Electrical performance of resistivity values as a function of 
frequency for samples with varied sand percentages (  0,  5,  10, 

 15,  20,  25,  30,  35,  40,  45,  50,  55,  60,  65, 
 70,  75,  80,  85,  90,  95, and  100%)
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Fig. 2  Electrical performance of dielectric constant values as a func-
tion of frequency for samples with varied sand percentages (  0,  5, 

 10,  15,  20,  25,  30,  35,  40,  45,  50,  55,  60, 
 65,  70,  75,  80,  85,  90,  95, and  100%)
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Fig. 3  Electrical performance of real impedance values as a function 
of frequency for samples with varied sand percentages (  0,  5,  
10,  15,  20,  25,  30,  35,  40,  45,  50,  55,  60,  
65,  70,  75,  80,  85,  90,  95, and  100%)
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Fig. 4  Electrical performance of imaginary impedance values as a 
function of frequency for samples with varied sand percentages (  0, 

 5,  10,  15,  20,  25,  30,  35,  40,  45,  50,  
55,  60,  65,  70,  75,  80,  85,  90,  95, and  100%)
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specimens (Knight and Abad 1995; Knight 1983). Furthermore, 
the random connections of the grains inside the specimens may 
be the primary cause of the power-law response (Jonscher 1999, 
Gomaa et. al. 2000, 2018). The interface between grains will 
cause considerable frequency dependency with a high permit-
tivity value for a combination of semiconductor and insulator 
(pure hematite and pure sand mixture) (Chelidze et al. 1999; 
Gomaa 2022). This is explained by the polarization mechanism 
or surface conductivity responses.

The presence of an insulator grain covered with a semi-
conducting one and surrounded by an alternating current 
field causes high permittivity values, particularly at low 
frequencies (Chelidze and Gueguen 1999). As a result, the 
addition of a tiny conductor (or semiconductor) to an insula-
tor component causes high permittivity values to be initiated 
at a low frequency. In addition, the presence of insulator par-
ticles between the conducting particles and/or covering them 
may reduce conductivity. As a result, there may be a notable 
rise in the dielectric constant, particularly at low frequencies 
(Gomaa and Alikaj 2009; Gomaa and Elsayed 2009).

The electrical response of twenty-two homogeneous com-
posites of hematite and pure sand samples (Eastern Desert, 
Cairo, Egypt) with varying hematite concentrations is of 
interest in the following paragraphs. Electrical character-
istics were measured at a dry state with frequencies rang-
ing from 0.1 to  105 Hz (dry, 21 °C). These samples ensure 
that the specimens are uniformly homogeneous and tidily 
oriented. Specimens were ground, flipped over, and ulti-
mately compacted. The physical theories and mechanisms 
of conduction and polarization that may result from varying 
the concentrations of mixture components will be explored. 
The uniqueness of the study stems from the removal of the 
textural impact of the samples, with the sole variable in the 
samples being the change in conductor concentration.

Hematite general properties

Hematite is a dense and hard mineral that is the most sig-
nificant iron ore due to its high iron concentration and 
abundance (Gomaa et al. 2015). The mineral may be found 
in a variety of forms, including steel-gray crystals and 
coarse-grained variants (Gomaa and Alikaj 2009). It can 
also be found as short, black rhombohedra crystals with an 
iridescent tarnish. Hematite pigment is a soft, fine-grained, 
earthy type of hematite. Hematite deposits of significant 
size can be found in sedimentary beds or metamorphosed 
sediments. It comes in black, silver-gray, brown, reddish-
brown, and red. Although brittle, it is harder than pure iron 
(Nakhla and Shehata 1967).

Hematite (α-Fe2O3) is one of four forms of iron 
oxides: wustite  (Fe1−xO), magnetite  (Fe3O4), magh-
emite (γ-Fe2O3). They are based on a closely packed 

 O2− anion lattice, with the smaller Fe cations occupying 
octahedrally and tetrahedrally coordinated interstices in 
between. α-Fe2O3 are within  Fe2+ in octahedral sites. 
Hematite can be obtained from goethite (Nakhla and 
Shehata 1967).

Hematite rock may be found in several geologic 
formations in nature (igneous, metamorphic and sedi-
mentary). Iron ores, futile, tourmaline, and zircon are 
the most prevalent heavy minerals detected in hematite 
samples (Attia 1955). Conglomerates, sandstones, sand 
and shales, clay, and quartz make up the iron-ore lay-
ers. It is frequently found in association with ferrugi-
nous sandstones and particular clay minerals, and there 
are multiple transitions from ferruginous sandstone to 
oolitic iron-ore (Shukri and Ayouty, 1959). Ferruginous 
sandstones may contain iron ore-containing oolites min-
eralogically (Nakhla and Shehata 1967). Furthermore, 
a small percentage of quartz grains may include modest 
hematite impurities. Some strata of ferruginous sand-
stones include sub-angular debris grains. It is the conse-
quence of quartz and hematite intergrowth or hematite, 
goethite, and quartz intergrowth (goethite is partially 
replacing hematite). The iron ore in Eastern Desert, 
Cairo, Egypt, is Crypto-crystalline hydrated hematite 
 (Fe2O3-nH2O). There may be some microcrystalline 
hematite grains in addition to clay particles. Amorphous 
and cryptocrystalline pure sand, as well as quartz grains 
and other components, may be present in some samples 
(goethite and hydro goethite). The oolites are composed 
of two parts: an iron component and quartz, colloidal 
pure sand, and ferruginous clay (Gason et  al. 1999). 
The elements that may be found in the iron-ore sam-
ples, according to the spectrographic inspection, include 
Cu, Ni, Co, Ti Cr, V, Zr, and Pb. Iron, pure sand, and 
calcium may be present in the eastern desert, iron-ore 
deposits as carbonate or sulfate staining or as compo-
nents of some clay minerals. Other minor components 
include magnesium, manganese, calcium phosphate, cal-
cium sulfate, copper, titanium, nickel, chromium, and 
zirconium (Taylor and Ahrens 1960).

Experimental electrical methods

The electrical properties of twenty-two homogeneous com-
posites of pure sand and hematite samples (Eastern Desert, 
Cairo, Egypt) with various hematite concentrations were 
investigated. A Hioki 3522–50 LCR Hitester Impedance 
Analyzer was used to measure complex impedance in a 
dry condition at constant temperature (~ 21 °C) throughout 



 Applied Water Science (2023) 13:43

1 3

43 Page 4 of 20

0E+000 1E+007 2E+007 3E+007 4E+007

Re (Z) Ohm0E+000

1E+007

2E+007

3E+007

4E+007

Im
(Z
)O

hm

0E+000 2E+006 4E+006 6E+006 8E+006 1E+007

Re (Z) Ohm0E+000

2E+006

4E+006

6E+006

8E+006

1E+007

Im
(Z
)O

hm

0E+000 1E+006 2E+006 3E+006 4E+006

Re (Z) Ohm0E+000

1E+006

2E+006

3E+006

4E+006

Im
(Z
)O

hm

0E+000 4E+005 8E+005 1E+006

Re (Z) Ohm0E+000

4E+005

8E+005

1E+006

Im
(Z
)O

hm

0E+000 1E+005 2E+005 3E+005 4E+005 5E+005

Re (Z) Ohm0E+000

1E+005

2E+005

3E+005

4E+005

5E+005

Im
(Z
)O

hm

0E+000 4E+004 8E+004 1E+005 2E+005

Re (Z) Ohm0E+000

4E+004

8E+004

1E+005

2E+005

Im
(Z
)O

hm

A B

C D

E F



Applied Water Science (2023) 13:43 

1 3

Page 5 of 20 43

a frequency range of 0.1–105 Hz. Specimens were meas-
ured in relative humidity (~ 55% RH) in an isolated room 
(dissector).

Specimens were grounded and we used compression of 
140 KN to compact the samples into discs. The particle size 
was ~ 1 µm. The specimens were then electrically measured 
after these steps and they had a thickness of ~ 3 mm and a 
diameter of 16 mm (the effect of thickness and diameter 
were removed from the measurements). The dimension 
of the samples was taken at 1:5 (thickness to diameter) to 
remove most of the errors to the edge effect. A voltage of 
around 1 V was applied to the specimens.

The measured electrical properties of the mixture 
were made in the parallel mode. The measured param-
eters were the parallel conductance (Gp) and capacitance 
(Cp) at various frequencies. Complex permittivity can be 
written as � ∗= �

�

− i�
�� , where the real part of the com-

plex dielectric constant ��

= Cpd
/

�
0
A and the imaginary 

part ���

= Gpd
/

w�
0
A , where A is the cross-sectional area 

of the specimen, d is the thickness of the specimen, �
0
 is 

permittivity for free space ( 8.85 × 10−12 F/m), and w is the 
angular frequency. The dielectric constant and conductivity 
are calculated from the following equations, � = dGp

/

A , 

�
� = Cp

/

C
0
 , Co = (A∕d)�

0
 . The error of the measurement 

was in the order of ±5%.

Results and discussion

In general, a rise in the number of homogeneous conducting 
components (hematite) results in a change in electrical prop-
erties (dielectric constant and conductivity). The insertion 
of conduction connections increases conductivity and the 
conduction processes. Furthermore, when the hollow vol-
umes between soil conducting grains diminish, so does the 
permittivity. Many variables, such as frequency, pressure, 
chemical reaction, and many more, may induce or enable 
comparable electrical qualities (Gomaa and Kassab 2016, 
2017, Gomaa et al. 2015).

Hematite and pure sand are the primary constituents of 
specimens. Hematite is believed to be a semiconductor, 
whereas pure sand is assumed to be an insulator (Chirita 
and Grozescu 2009). As may be seen from the measured 
electrical conductivity values, the conductivity of speci-
mens ranges from insulator (for reasonably pure sand) to 
semiconductor (for high concentrations of semiconductor 
or hematite).

Figure 1 depicts the electrical performance of resistivity 
values as a function of frequency for samples with varied 
pure sand percentages (0, 5, 10, 15, 20, 25, 30, 40, 50, 55, 
35, 80, 60, 70, 75, 95, 65, 85, 90, and 100 percent). The 

Fig. 5  Electrical performance of real and imaginary impedance val-
ues as a function of frequency for samples with varied sand percent-
ages (  0,  5,  10,  15,  20,  25,  30,  35,  40,  
45,  50,  55,  60,  65,  70,  75,  80,  85,  90,  95, 
and  100%)
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Fig. 6  Electrical performance of phase angle values as a function of 
frequency for samples with varied sand percentages (  0,  5,  10, 

 15,  20,  25,  30,  35,  40,  45,  50,  55,  60,  65, 
 70,  75,  80,  85,  90,  95, and  100%)
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Fig. 7  Electrical performance of dielectric loss (loss tangent, tan δ) 
values as a function of frequency for samples with varied sand per-
centages (  0,  5,  10,  15,  20,  25,  30,  35,  40,  45, 
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resistivity values are classified into two groups. The first 
group has two slopes (due to the high pure sand concentra-
tion), whereas the second group has only one (low sand con-
centration). With low hematite concentrations, the slope of 
the first category is virtually zero (up to 100 Hz for 100 per-
cent sand concentration and continues to 10 kHz for higher 
concentrations), whereas the slope of the second is approxi-
mately 0.48. As sand concentration increases, the crossover 
frequency goes to higher frequencies; it begins at 100 Hz 
for high sand concentration and ends at 10 kHz for rising 
hematite concentrations. At very high hematite concentra-
tions (at the currently accessible frequency range), there is 
no crossover frequency; it may exist at higher frequencies. 
At relatively low frequencies, there is a slight decrease in 
resistivity with a frequency increase for pure sand samples 
(zero percent). The fall down of resistivity with frequency 
is sharper at higher frequencies. The rise in the activation 
energy of ions, molecules, and electrons at the specimen 
supports this conclusion. The resistivity of the specimen 
decreases from ~  6X105 (Ohm.m) to ~ 1.5X103 (Ohm.m), at 
0.1 Hz, with increasing hematite concentration. Also, the 
two-slope curves become one-slope curves. The addition of 
hematite concentrations to the sand improves the conductor 
pathways and therefore the conductivity.

Figure 2 depicts the electrical performance of dielectric 
constant values as a function of frequency for samples with 
varied sand percentages (0, 5, 10, 15, 20, 25, 30, 40, 50, 55, 
35, 80, 60, 70, 75, 95, 65, 85, 90, and 100 percent). With two 
slopes, the dielectric constant values are divided into two 
groups. The first group (with high sand concentration) has 
the crossover frequency at early low frequencies (> 100 Hz) 
and a large percentage of sand concentration. The second 
group, on the other hand, has the crossover frequency at con-
siderably higher frequencies (> 1 kHz) and a low sand con-
centration percentage. The slope of the first group is almost 
0.3 for low hematite concentrations, whereas the slope of 
the second category is roughly 0.65. As sand concentration 
grows, so does the crossover frequency; it starts at ~ 100 Hz 
for high sand concentration and finishes at 10 kHz with high 

hematite concentrations. The crossover frequency practically 
vanishes at very high hematite concentrations. For low sand 
concentrations, there is a rapid fall in the dielectric constant 
with frequency increase at relatively lower frequencies. The 
dielectric constant of the specimen increases from ~  2X104 
to 2.5X107 for ~ 100 percent hematite concentration (at 
0.1 Hz) and with increasing hematite content. The dielec-
tric constant decreases with frequency, with a rapid fall at 
low frequencies (up to 100 Hz to 1 kHz) and a moderate 
decrease at higher frequencies. The barriers between differ-
ing activation energies between ions and molecules reduce 
as frequency increases. The crossover frequency between the 
two slopes ranges between 100 Hz for high sand percentages 
and 10 kHz for high hematite (or low sand) percentages. 
The addition of hematite concentrations to the sand percent-
ages enhances the conductor routes (or reduces the distances 
between sand grains), lowering the dielectric constant. Ionic, 
electronic, interfacial, and electric dipole polarizations all 
have a role in determining the dielectric characteristics of 
samples. All four types of polarization play a role at low 
frequencies, whereas only electronic and ionic polarization 
plays a role at high frequencies. Because electronic and ionic 
polarizations are inherent features of materials and show 
very minor variation with frequency, a very small variation 
in the real portion of permittivity concerning frequency is 
observed in the high-frequency range (Franceschetti and 
Macdonald 1977; Glover et al. 1994; Huggins 1975; Jon-
scher 1977; Kurien et al. 2006; Levitskaya and Sternberg 
2000; Macdonald1974; Simon and Franke 2000).

Figure 3 depicts the electrical performance of real imped-
ance values as a function of frequency for samples with var-
ied sand percentages (0, 5, 10, 15, 20, 25, 30, 40, 50, 55, 
35, 80, 60, 70, 75, 95, 65, 85, 90, and 100 percent). Two 
slopes are clear of the real impedance values at the curves. 
There are also two categories of curves. The first group 
(with a high sand content) displays a practically flat and 
moderate response to frequency shift. The first group has 
a relatively high crossover frequency (> 1 kHz) and a low 
proportion of sand concentration. The second group, on the 
other hand, has a much lower crossover frequency (1 kHz) 
and a high sand concentration percentage. For all concentra-
tions, the high-frequency slope of most curves is almost − 1, 
whereas the lower frequency slope of most curves is nearly 
zero (except for low sand concentrations). The crossover 

Fig. 8  Electrical performance of conductivity values as a function of 
hematite concentration percentage for samples with varied frequen-
cies [A for 0.1 to 5 Hz; B for 6 to 50 Hz; C for 60 to 500 Hz; D for 
600 to 5 kHz; E for 6 kHz to 50 kHz; F for 60 kHz to 100 kHz].
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frequency increases with increasing hematite content; it 
begins at ~ 100 Hz for high sand concentration and ends at 
10 kHz for rising hematite concentration. The crossover fre-
quency almost completely disappears at very high hematite 
concentrations. There is a fast drop in real impedance with 
increasing sand concentration at certain frequencies and 
large sand concentrations. With increasing hematite percent-
age, the specimen's real impedance increases from ~  8X104 
(for low sand concentration at a particular frequency of 
0.1 Hz) to ~  4X107 (for ~ 100 percent hematite concentration 
at the same frequency). The real impedance begins steady 
(with no discernible change) with frequency and then rapidly 
decreases at higher frequencies. The subsequent reduction 
in real impedance with an increase at higher frequencies is 
attributed to the increase in conduction connections at sam-
ples. As frequency increases, the barriers between energy 
levels (between ions and molecules) decrease. The addition 
of hematite concentrations to the sand percentages enhances 
the conductor interconnections (or distances between sand 
grains), decreasing the real impedance values.

Figure 4 depicts the electrical performance of imaginary 
impedance values as a function of frequency for samples 
with varied sand percentages (0, 5, 10, 15, 20, 25, 30, 40, 
50, 55, 35, 80, 60, 70, 75, 95, 65, 85, 90, and 100 percent). 
In general, all of the curves follow the same pattern, with 
a little shift to higher frequencies as sand concentrations 
expand. The imaginary impedance decreases to a specific 
limit as frequency increases, then increases to a particular 
peak frequency, and begins to decrease again associated with 
a particular slope (the gradient is the same for all samples). 
The gradient of the initial imaginary impedance decrease, 
with frequency increase, is of the order of ~ 0.35. The gra-
dient of the second imaginary impedance decrease, with 
frequency increase, is of the order of ~ 1. The third (final) 
imaginary impedance rise has a gradient of the order of − 1 
as frequency increases. With decreasing sand concentration, 
the peak of the imaginary impedance changes downward, 
and its position shifts to higher frequencies. With a reduction 
in sand concentration percentage, the crossover frequency 

shifts to higher frequencies. It starts at ~ 100 Hz to represent 
high sand concentration and finishes at 100 kHz to repre-
sent high hematite concentration. The crossover frequency 
vanishes at very high hematite concentrations (beyond the 
range of our measurements). With increasing sand concen-
tration, the imaginary impedance values rapidly decrease. 
As the hematite percentage increases, the specimen's peak 
imaginary impedance rises from ~  4X103 (for low sand con-
centration) to ~ 1.5X107 (for high sand concentration), and 
the location shifts to higher frequencies. The subsequent 
decrease in imaginary impedance as hematite concentration 
increases is related to an increase in conduction connections 
at samples. The energy levels get nearer as the frequency 
increases, decreasing the widths between conductor inter-
connections and decreasing and increasing the imaginary 
impedance values.

Figure 5 depicts the electrical performance of complex 
impedance values as a function of frequency for samples 
with varied sand percentages (0, 5, 10, 15, 20, 25, 30, 40, 50, 
55, 35, 80, 60, 70, 75, 95, 65, 85, 90, and 100 percent). All of 
the curves, in general, follow the same pattern (two attached 
semicircles). The volume of the complex impedance semi-
circles (relative to each other), and the peak frequency (or 
crossover frequency) between the two semicircles, changes 
from one case to another. The bulk impedance semicircle 
(at high frequency) and the interface or electrode impedance 
semicircle (at low frequency) are the two semicircles. As 
sand concentrations reduce, the peak frequency (or crossover 
frequency) shifts to higher frequency values, and the overall 
values of the complex impedance decrease. For large sand 
concentrations, the complex impedance begins as a simple 
semicircle (the bulk semicircle). With hematite additions 
to sand (sand decreases), another connected portion of the 
semicircle (at low frequencies) begins to develop (the inter-
face semicircle) and grows in diameter with further addi-
tions. More hematite additions lead to the generation of two 
semicircles (the second is not complete). The volume of the 
interface semicircle gets very large in comparison to the 
volume of the bulk semicircle until the volume of the bulk 
semicircle becomes very tiny in comparison with the volume 
of the interface semicircle at very low sand concentrations. 
To illustrate the form of each collection of curves, research-
ers must draw the X-axis similarly to the Y-axis. As can be 
observed from the complex impedance values, we attempt 

Fig. 9  Electrical performance of dielectric constant values as a func-
tion of hematite concentration percentage for samples with varied fre-
quencies [A for 0.1 to 5 Hz; B for 6 to 50 Hz; C for 60 to 500 Hz; D 
for 600 to 5 kHz; E for 6 kHz to 50 kHz; F for 60 kHz to 100 kHz].
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to take more than six sets of curves to illustrate the effect of 
sand reduction (Fig. 5A–F). With increasing sand concentra-
tion, the complex impedance's peak shifts downward and to 
higher frequencies. Moreover, when the proportion of sand 
concentration increases, the crossover frequency between the 
two semicircles rises to higher frequencies. The specimen's 
peak complex impedance reduces as the sand % increases, 
from ~ 1.5X107 (for low sand concentration) to ~  4X103 (for 
high sand concentration). The subsequent rise in conduc-
tion connections at specimens is attributed to a decrease 
in complex impedance as hematite content increases (sand 
decrease). As the conductor cluster develops, the widths 
between conductor interconnections shrink.

Figure 6 depicts the electrical performance of phase angle 
values as a function of frequency for samples with varied 
sand percentages (0, 5, 10, 15, 20, 25, 30, 40, 50, 55, 35, 
80, 60, 70, 75, 95, 65, 85, 90, and 100 percent). All of the 
curves follow the same pattern, generally. The location of 
the phase angle peak is not clear (at high or low frequency) 
within the available frequency range. The phase angle 
increases with the decrease in sand concentration percent-
age (at low frequency 0.1 Hz) and it decreases (generally) 
with the increase in sand concentration percentage (at high 
frequency > 3 kHz). At ~ 100 Hz, the behavior of the phase 
angle with sand concentration percentage is reversed. At 
low frequency (0.1 Hz), the value of the phase angle ranges 
from 0.1 mrad (for high sand concentration percentage) to 
0.6 mrad (for low sand concentration percentage). At high 
frequency (100 kHz), the value of the phase angle ranges 
from 0.2 mrad (for low sand concentration percentage) to 
5 mrad (for high sand concentration percentage). The sub-
sequent decrease in phase angle with the increase in sand 
concentration percentage (at a low frequency of 0.1 Hz) is 
related to a decrease in conduction connections at samples. 
The subsequent increase in phase angle with the increase 
in sand concentration percentage (at a high frequency of 
100 kHz) is related to an increase in broken linkages at sam-
ples. The energy levels get nearer as the frequency increases, 

decreasing the widths between conductor interconnections 
and decreasing the phase angle values.

Figure 7 depicts the electrical performance of dielectric 
loss values as a function of frequency for samples with var-
ied sand percentages (0, 5, 10, 15, 20, 25, 30, 40, 50, 55, 
35, 80, 60, 70, 75, 95, 65, 85, 90, and 100%). The degree of 
actual power dissipation (or losses) in a dielectric medium 
is measured by the tan δ. If we assume that the resistance 
of an ideal cable is infinite, the total current will be entirely 
capacitive and the 90° phase displaced concerning the 
applied voltage. However, in an actual cable system, losses 
enable resistive currents to flow, affecting the phase shift of 
total current concerning voltage. As a result, a loss angle 
(δ) appears, and its tangent corresponds to tan δ, which is a 
dimensionless unit. This relationship also shows that as insu-
lation resistance decreases, tan δ increases. The sensitivity 
is one of the primary benefits of measuring tan δ. One of the 
primary benefits of measuring tan δ is the increased sensitiv-
ity that a lower frequency allows. When tan δ = (2fRC)−1 is 
used, where f = frequency, R = resistance, and C = capaci-
tance, it is clear that tan δ is very frequency sensitive. 
Any rise in the real component of the relative permittivity 
(capacitance) as frequency increases in the radio-frequency 
and low microwave bands is nearly invariably attributable 
to geometrical resonance or other texture-dependent reso-
nance. The imaginary portion of the relative permittivity of 
lossy materials reduces quicker as frequency increases (dis-
persion) than it does in non-lossy materials. The imaginary 
component of the relative permittivity, on the other hand, 
does not always decrease as frequency increases. It may arise 
with frequency or generate a Debye loss peak. The dielectric 
loss angle (90°–θ) is defined as the degree by which the 
current wave deviates from being 90° out of phase with the 
voltage. The tan δ or dissipation factor is the tangent of this 
angle. In terms of frequency and temperature dependence, 
dielectric loss (tan δ) approximates the imaginary portion of 
relative permittivity.

Because wavelength decreases with increasing frequency 
applied to the sample, the decreasing trend of real permittiv-
ity concerning frequency is advantageous for surface imped-
ance match. Except for the first few frequencies, the value 
of actual permittivity has grown with frequency and is like-
wise increasing with conductor concentration (hematite). It 

Fig. 10  Electrical performance of imaginary impedance values as a 
function of hematite concentration percentage for samples with varied 
frequencies [A for 0.1 to 5 Hz; B for 6 to 50 Hz; C for 60 to 500 Hz; 
D for 600 to 5 kHz; E for 6 kHz to 50 kHz; F for 60 kHz to 100 kHz].
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might be related to the fact that as conducting ions increase, 
more free ions are created, resulting in a rise in free charges. 
Local electrons or charges are moved in the direction of the 
applied field, increasing the actual permittivity. In general, 
most curves exhibit the same behavior (two beaks). Peak val-
ues range from 1 to 0.6 at frequencies ranging from 100 Hz 
to 10 kHz, which vary from case to case.

Figure 8 depicts the electrical performance of conductiv-
ity values as a function of hematite concentration percentage 
for samples with varied frequencies [ A) for 0.1 to 5 Hz; B) 
for 6 to 50 Hz; C) for 60 to 500 Hz; D) for 600 to 5 kHz; E) 
for 6 kHz to 50 kHz; F) for 60 kHz to 100 kHz]. The over-
all behavior of the sample groups demonstrates an increase 
in conductivity with increasing hematite content. There is 
no difference between curves at low frequencies. There is 
a minor variation at high frequencies, particularly in the E 
and F groups. The conductivity increases with increasing 
hematite content, as shown in Fig. 8A, and the values of the 
curves fluctuate somewhat. Figure 8B, C illustrates that as 
hematite content increases, so does conductivity, with no 
changes in curve values. Figure 8D–F illustrates that there 
are some significant variations at low frequencies but no 
fluctuations at high frequencies (Abd El Aziz and Gomaa 
2022a, 2022b)

Figure 9 depicts the electrical performance of dielec-
tric constant values as a function of hematite concentra-
tion percentage for samples with varied frequencies [ A) 
for 0.1 to 5 Hz; B) for 6 to 50 Hz; C) for 60 to 500 Hz; D) 
for 600 to 5 kHz; E) for 6 kHz to 50 kHz; F) for 60 kHz 
to 100 kHz]. The overall behavior of the sample groups 
shows a rise in dielectric constant with increasing hema-
tite content. The fluctuation of the dielectric constant rises 
as frequency decreases. For high and low frequencies, the 
change or variation in the dielectric constant is almost the 
same (Fig. 9A–E). At high frequencies (Fig. 9F), there are 
no changes in the values of the curves, and changing the 
frequency is inefficient

Figure 10 depicts the electrical performance of imaginary 
impedance values as a function of hematite concentration 
percentage for samples with varied frequencies [ A) for 0.1 

to 5 Hz; B) for 6 to 50 Hz; C) for 60 to 500 Hz; D) for 600 to 
5 kHz; E) for 6 kHz to 50 kHz; F) for 60 kHz to 100 kHz]. 
With increased hematite concentration, the sample groups' 
general behavior demonstrates a reduction in imaginary 
impedance. Figure 10E, F indicates larger variations, espe-
cially at low hematite concentrations

Figure  11 depicts the electrical performance of real 
impedance values as a function of hematite concentration 
percentage for samples with varied frequencies [ A) for 0.1 
to 5 Hz; B) for 6 to 50 Hz; C) for 60 to 500 Hz; D) for 600 to 
5 kHz; E) for 6 kHz to 50 kHz; F) for 60 kHz to 100 kHz]. 
With increased hematite concentration, the sample groups' 
general behavior demonstrates a reduction in real imped-
ance. Figure 10A–C indicates small variations, at low and 
high hematite concentrations. Figure 10D–F indicates larger 
variations, especially at low hematite concentrations.

Figure 12 depicts the electrical performance of tan δ (loss 
tangent) values as a function of hematite concentration per-
centage for samples with varied frequencies [ A) for 0.1 to 
5 Hz; B) for 6 to 50 Hz; C) for 60 to 500 Hz; D) for 600 to 
5 kHz; E) for 6 kHz to 50 kHz; F) for 60 kHz to 100 kHz]. 
With increasing hematite concentration, the general behavior 
of the sample groups shows no general rise or decrease in tan 
δ, as shown in Fig. 10A–C. Figure 10D-F indicates a general 
rise in tan δ when hematite content increases.

Figure 13 depicts the electrical performance of tan δ val-
ues as a function of hematite concentration percentage for 
samples with varied frequencies [ A) for 0.1 to 5 Hz; B) for 
6 to 50 Hz; C) for 60 to 500 Hz; D) for 600 to 5 kHz; E) for 
6 kHz to 50 kHz; F) for 60 kHz to 100 kHz]. The general 
behavior of the sample groups reveals a little rise in tan δ 
with increasing hematite content and frequency (Fig. 10A). 
Figure 10B depicts some tan δ stability as hematite con-
centration and frequency increase. Figure 10C–F depicts 
a general reduction in tan δ as hematite concentration and 
frequency increase

The electrical performance of peak frequency values (the 
end frequency of the bulk semicircle) for samples is shown 
in Fig. 14 as a function of hematite concentration percent-
age. Peak frequency electrical performance increases expo-
nentially as a function of hematite concentration percentage. 
This suggests that the hematite percentage is an important 
factor in determining peak frequency values. It also indi-
cates that as the percentage of the conductor in the samples 
increases, so do the peak frequency values.

Fig. 11  Electrical performance of real impedance values as a func-
tion of hematite concentration percentage for samples with varied fre-
quencies [A for 0.1 to 5 Hz; B for 6 to 50 Hz; C for 60 to 500 Hz; D 
for 600 to 5 kHz; E for 6 kHz to 50 kHz; F for 60 kHz to 100 kHz].
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Figure 15 depicts the electrical performance of the actual 
impedance of the peak frequency values for samples as a 
function of hematite concentration percentage. The real 
impedance of peak frequency performance drops rapidly as a 
function of hematite concentration percentage. This implies 
that as the percentage of the conductor in the samples grows, 
the true impedance of the peak frequency values decreases.

The electrical performance of the imaginary impedance 
of the peak frequency values for samples as a function of 
hematite concentration percentage is shown in Fig. 16. 
The peak frequency performance's imaginary impedance 
decreases significantly as a function of hematite concentra-
tion percentage. This means that as the fraction of conductor 
in the samples increases, so does the imaginary impedance 
of the peak frequency values.

The electrical performance of the dielectric constant 
of the peak frequency values for samples as a function of 
hematite concentration percentage is shown in Fig. 17. The 
peak frequency performance's dielectric constant fluctuates 
significantly (maybe with a general decrease) as a function 
of hematite concentration percentage. This indicates that the 
dielectric constant of the peak frequency values increases as 
the proportion of conductors in the samples increases.

The electrical performance of the dielectric loss of the 
peak frequency values for samples as a function of hematite 
concentration percentage is shown in Fig. 18. The peak fre-
quency performance's dielectric loss fluctuates greatly (with 
no general decrease or increase) as a function of hematite 
concentration percentage. This indicates that the dielectric 
loss of the peak frequency values increases as the proportion 
of conductors in the samples increases.

The electrical performance of the conductivity of the 
peak frequency values for samples as a function of hema-
tite concentration percentage is shown in Fig. 19. The peak 
frequency performance's conductivity increases greatly as 
a function of hematite concentration percentage. This indi-
cates that the conductivity of the peak frequency values 
increases as the proportion of conductors in the samples 
increases.

The electrical performance of the tan δ of the peak 
frequency values for samples as a function of hematite 
concentration percentage is shown in Fig. 20. The peak 
frequency performance's tan δ increases slightly as a func-
tion of hematite concentration percentage.

The electrical performance of the phase (Rad) of the 
peak frequency values for samples as a function of hem-
atite concentration percentage is shown in Fig. 21. The 
peak frequency performance phase decreases slightly as a 
function of hematite concentration percentage. This indi-
cates that the phase (Rad) of the peak frequency values 
increases as the proportion of conductors in the samples 
increases.

Conclusion

The electrical properties of composites are influenced by 
the amounts of their constituents as well as their texture. 
This study looked into the relationships between the ore's 
nature, its mineral group, and their relationship to electrical 
properties (homogeneity and concentration of constituents). 
Electrical parameters were examined at frequencies rang-
ing from 0.1 to 105 Hz (dry, 21 °C). The dielectric con-
stant and conductivity of the samples rise as the hematite 
content increases. The frequency dependence of conduc-
tivity is consistent with Jonscher's law (increase in charge 
carriers and mobility of charges). As the concentration of 
hematite increases, so do the permittivity and the number 
of component clusters. The rise in loss factor with con-
centration is caused by interface or space charge polariza-
tion and changes in conductivity values (there are many 
relaxation times). The complex impedance response was 
presented as a semicircle attached to an arc. In general, 
as hematite concentration increases, the semicircle shrinks 
(or disappears) and the diffusion or Warburg impedance 
(straight line or arc) takes over. A high-frequency semicircle 
is thought to depict ion exchange at grain surfaces, whereas 
a low-frequency arc is thought to represent diffusion and 
transport of generated charge carriers. This study is valu-
able for exploration methods and modeling of the electrical 
properties of rocks.

Fig. 12  Electrical performance of tan δ (loss tangent) values as a 
function of hematite concentration percentage for samples with varied 
frequencies [A for 0.1 to 5 Hz; B for 6 to 50 Hz; C for 60 to 500 Hz; 
D for 600 to 5 kHz; E for 6 kHz to 50 kHz; F for 60 kHz to 100 kHz].
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Fig. 13  Electrical performance of phase angle values as a function of 
hematite concentration percentage for samples with varied frequen-
cies [A for 0.1 to 5 Hz; B for 6 to 50 Hz; C for 60 to 500 Hz; D for 
600 to 5 kHz; E for 6 kHz to 50 kHz; F for 60 kHz to 100 kHz].
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Fig. 14  Electrical performance of peak frequency values (end fre-
quency of the bulk semicircle) as a function of hematite concentration 
percentage for samples.
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Fig. 15  Electrical performance of real impedance of the peak fre-
quency values (end frequency of the bulk semicircle) as a function of 
hematite concentration percentage for samples.
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Fig. 16  Electrical performance of imaginary impedance of the peak 
frequency values (end frequency of the bulk semicircle) as a function 
of hematite concentration percentage for samples.
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Fig. 17  Electrical performance of the dielectric constant of the peak 
frequency values (end frequency of the bulk semicircle) as a function 
of the hematite concentration percentage for samples.
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