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carriers’ behaviors in a pure bentonite Moroccan clay based on equivalent circuit. It has been clearly observed that the electrical
properties change due to the increase of temperature from 300 °C to 700 °C. The frequency-dependent imaginary modulus M”
and imaginary impedance Z” curves has only one peak at each temperature indicating the predominance of the contribution of
grains to the total electrical conduction in bentonite. The positions of these peaks move to higher frequencies when the tempera-
ture increases in relation with the distribution of relaxation time. Moreover, the activation energy for the conduction process in
bentonite is determined from the slope of In(p,.) versus of 1/7 in the order of 700 meV in good agreement with that obtained from
the proposed equivalent circuit. On the other hand, let’s present a geotechnical study that show that our material is a swelling clay,
very plastic and could be used as a binder. The external stress dependence of the bulk density, Young’s module and maximum
stress are analysed. The thermal conductivity determined following the device of Lee’s disks where two copper disks of thickness
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Combined modulus and impedance spectra are employed in the present work to explore electrical inhomogeneity and

of 15 mm and diameter of 30 mm were used.
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1. Introduction

Impedance and modulus formalisms have been established as one of the most informative
investigation methods on revealing the inside heterogeneity and carriers’ transport in semiconducting
disordered materials. Different temperature and frequency spectra display different features, result-
ing in varied applications for analysis of the data and reveal useful information about the electrical
properties of different structures, e.g., grain, grain boundary and electrode/sample contact [1]. In
our previous study on CuslngSe;s [2] and Fe,Os/Kaolinite [3] ceramics, the powerful technique of
complex impedance spectroscopy (IS) is described in order to illustrate the electrical characteristics
of some representative disordered semiconducting materials in different temperature ranges from —
175 °C to +700 °C. Analytical methods using the second derivative of In(=Z") and In(M”) and first
derivative of the function Beta = arctan (—Z”/Z") were presented to identify the dominant microscopic
contributions to the electrical conduction [2]. In this paper, frequency-domain responses in impe-
dance and modulus are discussed in detail, taking a pure bentonite Moroccan clay ceramics as an
example. Remarkable agreement are found between simulated results and measured data. In general,
clays are considered as the most interesting materials because of their low cost and their abundance
over all continents [2, 3]. Their small size in natural conditions (less than 2 pm) means that these
minerals develop large specific surfaces [4]. Bentonite, one member of the clays’ family, designates
amineral powder that consists essentially of montmorillonite [5]. In their natural state, most bentonite
deposits are heterogeneous, consisting of smectites interbedded with illite and/or kaolinite and other
impurities [6]. The technique of impedance spectroscopy has been used to correlate electrical pa-
rameters to permeability, diffusivity and/or porosity in sands, cement-based materials and geological
materials [7]. To our knowledge, no detailed works were published in literature about impedance
measurements related to the pure bentonite in the high temperature regime up to 700 °C. Thus, the
goal of this work is to study the influence of the frequency and temperature on the electrical conduc-
tivity of pure industrial bentonite by using the useful nondestructive experimental technique of im-
pedance spectroscopy [8—10]. It permits to measure the frequency dependence of the real part, Z” and
the imaginary part, Z” of complex impedance Z*(Z* = Z"+jZ”, where j* = 1) at a given temperature 7.
For homogeneous materials, the Z” versus Z’ diagram (Nyquist diagram) is a half circle that can be
modelized by a resistance R mounted in parallel with a capacitance C. This capacitance is replaced
by the constant phase element (CPE) if there is a distribution of relaxation time in the material. The
1S characterization will permit to identify and understand the dominant conduction mechanisms in
bentonite in the considered frequency and temperature ranges. For this study, the temperature varies
between 300 °C to 700 °C. Below about 300 °C, the electrical conductivity of samples is very small.
The obtained results permit the investigation of the role of the microstructure of the considered mate-
rial in the transport properties with the analysis of the influence of the heat treatment on the electrical
conductivity. Otherwise, thermal conductivity and volumetric or massic heat capacity are undoubted-
ly the main parameters related to the efficiency with which heat is transported through the clay. The
porosity as well as the bulk density have a major influence on the thermal properties in addition to
the thermal conductivity and the heat capacity of the considered clay. In this case, it is very important
to know the effect of the bulk density on these properties for a possible use in the building sector, for
example. Hence, in addition to the electrical characteristics of bentonite, let’s present in this work
a study of the physico-chemical, geotechnical and thermo-mechanical as well as to provide useful
information for any improvement in the performance of this material.

2. Materials and methods

In this section, let’s present the experimental methods of preparation of our samples in order
to characterize them using different techniques. They are, X-ray fluorescence spectrometry (XRF),
X-ray diffraction (XRD), scanning electron microscopy (SEM) coupled with X-ray energy
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spectrometry (EDX), infrared spectroscopy (IR), thermogravimetric analysis (TGA) and diffe-
rential thermal analysis (DTA), laser particle size analysis, geotechnical analysis, thermal and me-
chanical analysis, and finally complex impedance spectroscopy (SIC). Pure commercial powder
bentonite clay is used in the present study (Fig. 1, @). The prepared samples in cylindrical forms for
electrical, mechanical and thermal measurements are shown in Fig. 1. The corresponding values of
diameter and thickness are 13/2 mm, 15/30 mm and 30/15 mm, respectively.

For the electrical case, the pure bentonite powder was first dried at a temperature of 105 °C
during 48 h. The dried powder was pressed into discs of about 13 mm in diameter and 2 mm in
thickness by means of a hydraulic press with pressure of 50 bars during 2 mn followed by the
sintering process at 800 °C for 6 h (Fig. 2). The active ingredient in bentonite is montmorillo-
nite mineral, which has a special crystal structure and high swelling property. Montmorillonite
is an aluminum silicate in laminar structure containing crystal water and varying charged ele-
ments (Fig. 3) [11-13]. Montmorillonite is composed of an octahedral (or alumina) sheet sand-
wiched between two tetrahedral (or silica) sheets. The vertices of the tetrahedra merge with the
hydroxyls of the octahedral sheet to form the elementary layer of montmorillonite. The elementary
layer has a thickness of about (0.95—0.96) nm [11, 14].

b c
Fig. 1. Samples of bentonite: a — powder; b — for electrical; ¢ — for mechanical;
d — for thermal conductivity measurements

. 1
Powder dried Hydraulic press Samples before Salslilﬁt::isﬁer
105 °C/48 h 50 bars/2 min sintering at 800 °C/gé h

Fig. 2. Samples from powder bentonite to pressed sintered cylindrical pellets
for electrical measurements
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Fig. 3. Structure of montmorillonite
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3. Results and discussion

In this section, let’s describe a widely comprehensive experimental characterization of ma-
terial properties of a pure bentonite Moroccan clay, ranging from microstructure analysis to mac-
roscopic properties relevant for an eventual use in buildings such as thermal conductivity. It can
be considered as a good data source for other researchers looking for material data on bentonite.
The TGA and DTA analysis (Fig. 4) revealed two-stage weight loss. The first one for temperatures
lower than 200 °C is mainly due to adhered water molecules in the surface and intercalations ben-
tonite structure. The second one in the temperature range 400—700 °C corresponds to the decom-
position of organic counterparts present in the material. The chemical composition is obtained
from the XRF spectrometry and is given in Table 1.
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0 o Initial masse : 75.5 mg r
100
-5 Am (mg) =9.564 | 80
Am (%) = 12,668 §‘
- o0 £
E 04 i 3
O] r L0
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Am (%) =5.073 20
-20- Lo
T T T T T T T T T
0 200 400 600 800 1000

T (°C)

Fig. 4. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of bentonite

Table 1
Chemical characteristics of bentonite by X-ray fluorescence spectrometry
Chemical SiOZ Aleg, F6203 MgO CaO NaZO Kzo TiOZ M,.O
composition (%) 53.50 17.22 8.97 2.60 137 3.4 1.2 132 0.03

The main chemical composition is SiO, (53.50 %) mainly from quartz. Concentrations of
MgO (2.60 %), CaO (1.37 %) and Na,O (3.4 %) related to the presence of sodium and dolomite
as well as Al,O3 (17.22 %) related to clay silicates contribute to obtaining good plasticity. The
Al,03/S10, composition ratio for bentonite is calculated to be 0.32. This value is very close to the
theoretical value of 1/3 for montmorillonite indicating that montmorillonite dominates our ben-
tonite. The content of Na,O is large compared to those of CaO indicating that our bentonite is of
sodium type [15, 16]. The crystal structure of bentonite was investigated using the X-ray diffrac-
tion technique (XRD, Rigaku, smartLab) with Cu-Ka radiation (the wavelength is A =1.5406 A,
1A =10"'"m) in a 20 range from 5° to 90°, and a scan rate of 5%min (Fig. 5, a for the dried powder
and Fig. 5, b for the sintered pellet at 800 °C/6 h).

The analysis of these XRD spectra was made using the X Pert HighScore software and the
dominant phase of montmorillonite with peaks located at 26 =7.21°, 19.40°, 34.84° and 55.22° is
identified in agreement with the XRD data of an Egyptian bentonite of Na-type [16]. Other clay
mineral impurities such as quartz and feldspars were also found. The morphological structure of
bentonite was determined by the scanning electron microscope (SEM, TESCAN VEGAj;) cou-
pled with the chemical microanalysis of energy dispersive X-ray spectrometry (EDX) as shown
in Fig. 6, a for the dried powder and in Fig. 6, b for the sintered pellet at 800 °C/6 h. The main
elements of aluminum (Al), silicon (Si) and oxygen (O) were observed. According to the SEM
analysis, the bentonite shows a porous crystalline structure. The corresponding chemical formula
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of Na0.49Ca0.30A11.66Mg 19Si14.210y; 4, and Na0.61Ca0.10A11.54Mg ¢7S13.900, 6o are deduced
for the dried powder and for the sintered pellet.

0 10 20 30 40 50 60 70 80 90
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Fig. 5. XRD of bentonite: a — dried powder at 105 °C/48h; b — sintered pellet at 800 °C/6 h
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Fig. 6. SEM/EDX of bentonite: ¢ — dried powder at 105 °C/48h; b — sintered pellet at 800 °C/6 h
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The characteristic bands of bentonite are shown in Fig.7 in agreement with the litera-
ture [16, 17].
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Fig. 7. IR spectrum analysis of our bentonite

The particle size curves (Fig. 8) shows that our bentonite contains an important quantity of
fine particles.
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Fig. 8. Particle size curve in percentage by fraction of bentonite

According to the distribution of the granular fractions defined by the European stan-
dard [NF EN ISO14688-1, 2003], the studied sample consists on a clay fraction (9.56 %), fine
silt (48.44 %), medium silt (40.05 %), coarse silt (1.95 %) and 0 % of sand. Table 2 presents the At-
terberg limits, as well as the plasticity, liquidity and consistency index of bentonite. Our bentonite is
a very plastic clay (/p =445 > 50 %) and has a high water content (W=246 %). This is related to the
nature of montmorillonite which has a great ability to adsorb water. The methylene blue value (VBS)
is determined to be 0.40. According the classification of clays (European standard: NFP 94-068),
our bentonite is thus classified as a sandy silty clay, sensitive to water (0.2 < VBS < 1.5). Our ben-
tonite is classified as a low calcareous material, with the calcium carbonate content of the order
of 10.23 % exceeding 10 %. The solid particle density is determined to be around 1.81 g/cm?.

157

Material Science



Original Research Article:

full paper

(2023), «KEUREKA: Physics and Engineering»

Number 1
Table 2
Geotechnical characteristics of bentonite
Liquidity limit W, en % 500
Plasticity limit ¥, en % 55
Plasticity index 7, en % 445
Consistency index /. en % 0.57
Liquidity index 7, en % 0.43
Water content W (%) 246

In Table 3 and Fig. 9, the bulk density, the Young’s Module, the maximum stress and the
thermal conductivity of bentonite are represented as a function of the compacting intensity from
10 bar to 50 bar. With a density (p) varying between 1.843 g/cm?to 2.118 g/cm?, the thermal conduc-
tivity (A) and the maximum stress (R.) vary between 0.3275 W/mK to 0.4456 W/mK and 10.0 MPa
to 20.8 MPa, respectively. The mechanical tests consist in determining the nominal resistance R,
in simple compression of the sample in a cylindrical form (Fig. 1, ¢) with a speed of 0.5 mm/min
until rupture (Fig. 9, e). The thermal conductivity of bentonite, considered as insulator material at
room temperature, were determined following the device of Lee’s disks (Fig. 9, f) [18—20] where
two copper disks (4) and (B) of thickness of 15 mm and diameter of 30 mm were used. The studied
sample is placed between these two disks and the temperatures 77 and 7; at both sides of the sample

were measured by two thermocouples placed in each disk (Fig. 9, f).

Table 3
Thermal conductivity, Young’s module and maximum stress of bentonite
Compacting Bulk density Thermal Conductivity Young’s Module Maximum stress
intensity (bar) (g/cm?3) (W/m-K) (MPa) (MPa)
10 1,843 0,3275 272 10,0
30 2,031 0,3948 852 14,1
50 2,118 0,4456 1385 20,8
2 10 2 30 4 50
2 T I 045
S [+ [25°C 0.36
2g , 027 A
o35 a 018 -
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Fig. 9. Thermal characteristics of compacted bentonite: @ — density; b — Young’s Module;
¢ — maximum stress; d — thermal conductivity. The experimental setup are also shown:

e — stress; f— thermal conductivity
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In this section, let’s present some main results of electrical conduction in a representative
sample of bentonite sintered at 800 °C/6 h (designated by BC02 for the next). The experimental
technique used is complex impedance spectroscopy, which consists in injecting into the sample an
alternating signal having an amplitude of the order of 500 mV and a frequency, which varies from
20 Hz to 1 MHz. Given the insulating nature of our material near room temperature, experiments
up to 700 °C were conducted. The analysis of the spectra of the complex impedance as well as the
electrical modulus allowed to identify the dominant conduction mechanism in bentonite as well as
the activation energies for the conduction and for relaxation processes. Fig. 10, @ shows the varia-
tions of electrical conductivity (6) of the sample BC02 as a function of frequency (®) for different
values of temperature between 300 °C and 700 °C, the range where the material starts to conduct
electricity. ¢ increases with @ but also with T indicating the semi-conducting behavior of the mate-
rial. The experimental curves of ¢ = 6(,T) are usually fitted by the universal Jonscher’s equation
o(o0,7)=06,4 + Ao® [10] by considering G,., 4 and the exponent s as adjusTable parameters. At low
frequencies below around 10 kHz (Fig. 10, @), G takes its lowest value and remains practically fre-
quency independent (6=0,.). As shown in Fig. 10, a, the corresponding value of 64, varies between
1.8-107* (Qm)~" at 300 °C to 743-10* (2m) ! at 700 °C. By plotting (In(ps ) =1/64) as a function
of 1/T (Fig. 10, b), the activation energy for the conduction process (E.,,s) in bentonite is deter-
mined from the slope in the order of 700 meV. Moreover, in the dynamic regime, the electrical
modulus M* is a formalism which is sensitive to the contribution of the «grains» of lower capacity
of the order of 107'2 F [21]. The modulus and the complex impedance (Z*) are given in the expres-
sion (M"(®) = joC,Z (w)) [22, 23] where C, is the vacuum capacitance (C, = €,5/d), S and d are

the surface and the thickness of the sample.
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Fig. 10. Electrical characteristics of bentonite:
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a — Electrical conductivity as a function of frequency for some representative temperatures;

b — Temperature dependence of In (py. = 1/6,.)

The frequency dependence of the imaginary parts Z” of Z* and M” of M* is given in Fig. 11
for three representative temperatures of 300 °C, 340 °C and 360 °C. The coincidence of the posi-
tion of peaks of Z” and M” indicates the predominance of the contribution of grains to the total
electrical conduction in bentonite. Also, the positions of these peaks move to higher frequencies
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when the temperature increases indicating the distribution of relaxation time in bentonite. It is well
known that the Nyquist representation Z” = f(Z) and M” = f(M") of the experimental data of Z*
and M* in the complex plane is the best method to separate and identify the dominant contributions
in disordered materials ( grains, grain boundaries and electrodes).

Sample: BC02

M"

4

r5.20x10°

| —m—300 °C
-B-340 °C
-0-360 °C
—u—300 °C
-0-340 °C
-0-360 °C

-2.10x10°

+-0.00

10 10° 10°

Frequency (Hz)

Fig. 11. Comparison of the imaginary parts of impedance (Z”) and electrical modulus (M”)
as a function of frequency for some representative temperatures

The observed semi-circles in Fig. 12, a for Z* and in Fig. 12, b for M* indicate the predomi-
nance of one single contribution in BC02, that of the grains. The corresponding resistance R and ca-
pacitance C can be estimated from the diameters of these semicircles. In Fig. 12, a, R is of the order
of 6.6 MQ at 300 °C and decreases with increasing temperature in relation to the semi-conductor
behavior of our material in this high temperature range. In Fig. 12, b, the capacitance C is deduced
in the order of 3.4 pF. The diameter (C,/C) seems to increase when 7 increases. Thus, C is a de-
creasing function of 7 in relation to the dielectric character weakened by the rise in temperature.
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Fig. 12. Impedance and Modulus of bentonite for different temperatures:
a=2"=fZ"), b — M"=f(M")

An electric picture can be made for each region of an the electrode-material system (grains,
grain boundaries, electrodes, etc.) by considering a resistor and a capacitor mounted in paral-
lel (R//C) [24-26]. In many cases, to take into account the inhomogeneties and also the distri-
bution of the relaxation time in the material, the capacitance C is replaced by a «constant phase
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elements» CPE whose impedance is given by Zcpr =1/Q(jo)". The exponent n measures the
degree of distortion of Z” = f(Z"). The value of n is equal to 1 for a pure capacitance. The corre-
sponding calculated curves for Z* when R, O, and n are considered as adjusTable parameters are
given in Fig. 12, a.
Their values as well as the deduced relaxation times t=(RQ)!" and capacitance
C = (R'""Q)!/" are listed in Table 4. The resistance R varies from 7.05 MQ at 300 °C to 69.70 kQ
at 560 °C while C varies from 4.63 pF at 300 °C to 3.96 pF at 560 °C. Finally, The activation ener-
gies for the conduction and for the relaxation processes can also be estimated from the equivalent
electrical circuit for BCO2. From the data of R and T given in Table 4, there are plotted /n(R) and
In(7) as a function of 1/T (Fig. 13) that show a perfect linear behaviors. From the corresponding
slopes, the activation energies for the conduction and for the relaxations processes E.,q and E,¢jqy
are determined to be E.,,;(BC02 Circ-Eq)=706 meV and E,.,,(BC02_Circ-Eq) =728 meV.
The value of E,,,, is in very good agreement with those obtained previously from the analysis
of the electrical conductivity. The proposed electrical circuit describes well the electrical conduc-
tion in our material.
Table 4
Values of the equivalent circuit parameters for BC02 at different temperatures
T (°C) R (Q) 0 n C (F) £(s)
300 7.05-10° 8.56-10712 0.940 4.6310712 3.26:1073
320 4.16-10° 8.49-10712 0.941 44810712 1.86:1073
360 1.67-10° 8.32:10°12 0.944 4.32:10712 7.23.107°
380 1.09-10° 8.81:10712 0.940 4.23:10712 4.61-107°
400 745900 9.05-10712 0.938 4.1710712 3.1110°°
420 524010 9.58-10712 0.935 4.15-10712 2.17.10°¢
440 368160 1.01.1071 0.933 4.15-10712 1.53-107¢
460 272010 1.08-1071 0.929 4.13-10712 1.12.10°¢
480 200710 1.17-1071 0.925 41210712 8.27-1077
500 147980 1.28-1071 0.919 4.04-10712 5981077
520 114630 1.38-10°!! 0.915 4.01-10712 4.60-1077
540 88579 1.56-1071 0.908 3.99.10712 3.53:1077
560 69705 1.78-10711 0.900 3.96.10712 2.76:1077
; : -8
m LnR__Circuit Eq-BC02
16 1| ___ Linear Fit of Sheet1 Ln R__Circuit Eq
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Fig. 13. Activation energies for the conduction and for the relaxation processes

for the sample BC02
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Finally, during a heat treatment of bentonite, this material undergoes physico-chemical
transformations which lead to both a modification of its crystalline structure of the different phases
and a modification of its microstructure. The development of the ceramic industry requires raw
materials with low density of impurities. Indeed the presence of these impurities influences the
densification and porosity. These physico-chemical characteristics play an important role in the
mechanical, colorimetric and electrical properties. Many experimental and simulation studies have
been carried out to understand the microstructure which depends highly on the anisotropy of grain
boundary properties such as activation energy, relaxation time, and electrical resistance [27]. The
main problem is to identify the predominance of the grain-boundary contribution in the electri-
cal conduction process in a given range of temperature. The complex impedance spectroscopy
is the best method to investigate the dielectric relaxation and electrical conduction behaviors of
grains and grain boundaries, which are correlated with defect behaviors [28]. In this work, some
results are presented using impedance spectroscopy data that allow to identify the predominance
of the contribution of grains and/or grain-boundaries to the total electrical conduction in bentonite
which is conductive for temperatures higher than 400 °C up to 700 °C. To analyze the dielectric
behaviour in bentonite, further studies on the effect of temperature and frequency on the complex
permittivity are to be expected.

4. Conclusions

The manuscript describes a widely comprehensive characterization of material properties
of a pure bentonite Moroccan clay, ranging from microstructure analysis to macroscopic properties
relevant for use in buildings such as thermal conductivity. The manuscript provides a solid space
of work in the field of materials research for future, more sustainable buildings. It can be consi-
dered as a good data source for other researchers looking for material data on bentonite. The data of
SEM, EDX, DRX and XRF show that our bentonite is of Na-type with the montmorillonite as the
dominant phase. The geotechnical study shows a very plastic silty bentonite, sensitive to water and
not very calcareous. For a compacting intensity of 10, 30 and 50 bar, the bulk density (p) varies bet-
ween 1.843 g/cm? to 2.118 g/cm>. The corresponding thermal conductivity (1) and the maximum
stress (R.) vary between 0.3275 W/mK to 0.4456 W/mK and 10.0 MPa to 20.8 MPa, respectively.
The electrical conduction behaviour as well as the activation energies for the conduction and for
the relaxation processes are analyzed. The contribution of the grains to the total conduction is
identified. The electrical circuit consisting of a resistor connected in parallel with a CPE describes
correctly our experimental data.
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