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Abstract. In this study, dielectric properties of water conﬁned in porous silica ceramics were investigated. Two porous
ceramics were characterized in the frequency range 10−1 to 107 Hz and temperature interval from −100 to 200◦ C. While
the ﬁrst sample was a ceramic with opened lateral pores, the second one was a ceramic with sealed lateral pores. In both
ceramics, three dielectric processes were identiﬁed. The ﬁrst, which appeared at lower temperatures, was attributed to
the reorientation of water molecules in ice-like water cluster structures. The second is the relaxation observed over an
intermediate temperature range, associated with the kinetic transition due to water molecule reorientation near a defect.
At higher temperatures, the third was relaxation identiﬁed as the Maxwell–Wagner–Sillars polarization process due to the
trapping of free charge carriers at the interface of the porous media. The ﬁrst and second dielectric relaxations were analysed
to prove the effect of the lateral surface state of the sample on water–inner surfaces of the porous media interaction. These
analyses revealed a great similarity in the ice-like structure for both ceramics. However, the lateral surface state of the sample
might enhance the dielectric strength of the ﬁrst relaxation when lateral pores are sealed. Furthermore, it might improve the
water–inner surfaces interaction when lateral pores are opened.
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1. Introduction
Extensive studies have been undertaken on porous materials to
understand the inﬂuence of their morphology on their dielectric properties better [1–5]. Among these materials, porous
glasses show interesting properties, allowing their use in various applications [6–8]. Such materials can be considered as
a matrix with a rigid sponge-like SiO2 framework that can be
ﬁlled with different materials [9,10]. The dielectric properties
of ﬁllers conﬁned in porous media were studied using various
theoretical approaches and dielectric experimental techniques
[2,3,9–12]. Water, which is the most used ﬁller in such complex systems, can play a critical role in biological systems. In
the case of porous silica media, water can easily be adsorbed
and desorbed from silica surfaces. The dielectric studies of
conﬁned water in these media revealed the effect of pore
size and chemical treatment on their structure and dynamics
[11,12].
Authors of this paper are interested in a porous medium that
may occur in the bone of human body as a result of osteoporosis diseases. For this purpose, porous silica ceramics, which
represent this structure, have been chosen. Dielectric measurements were carried out on these ceramics ﬁlled with water.
The present study takes into account the lateral surface state

of the sample by visualizing the existence or not of the outer
wall of the bone, which represents the sealed lateral pores. The
main purpose of this research work is to conﬁrm the effect of
these conditions on the water–inner surfaces of the porous
media interaction.

2. Experimental
2.1 Materials
The porous silica ceramics used in this study were based on a
commercially available Filtros , whose Trade Name is QF20 silica supplied by Ferro Corporation [13]. The physical
properties of these ceramic materials were given in our previous study [14]. The analysed sample was cut using a diamond
saw and the obtained thickness was about 2.78 ± 0.05 mm.
Then, the sample was exposed to ultrasonic cleaning for
15 min in a water–acetone solution and then allowed to
dry in a furnace at 100◦ C for 24 h. Next, the sample
was kept in a desiccator for 24 h to reach the ambient
temperature.
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2.2 Characterization

Figure 1. Variation of the dielectric permittivity as a function of
frequency at the ambient for CWOLP. The inset shows the ﬁtting
of the dielectric permittivity decrease with the increase in frequency
according to the following law: ε ( f ) ≈ f b .

Dielectric measurements were realized in three different
steps. In the ﬁrst step, the dielectric measurements were performed at the ambient on a dry sample with opened lateral
pores and in the frequency range 0.1 Hz–10 MHz. However,
in the second and third steps, dielectric measurements were
conducted in the temperature range −100 to 200◦ C in the
increments of 10◦ C and in the frequency range 0.1 Hz–10
MHz. In the isothermal runs and the second step, the ceramic
lateral pores were opened. The ceramic with opened lateral
pores (CWOLP) was immersed in water for 15 min before its
dielectric characterization. In the third step, the ceramic lateral
pores were painted with a thin layer of Jeltargent, a conducting
material allowing the obtention of sealed pores condition. In
this condition, the immersion time of the ceramic with sealed
lateral pores (CWSLP) in water was longer than that carried
out in the second step. Its duration was about 14 h. The relative
water content in the dry sample was determined by weighing the ceramics prior to and immediately after the dielectric

Figure 2. Isothermal runs of the dielectric permittivity (ε  ) and of the loss factor (ε ) vs. frequency for (a, c) CWOLP and (b, d) CWSLP,
respectively.
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measurements. The obtained humidity parameters were about
8.7 and 7.5% for CWOLP and CWSLP, respectively.

as follows [18]:

φ=

3. Results and discussion
3.1 Determination of the porosity
Figure 1 presents a typical power-law behaviour of the dielectric permittivity vs. frequency at the ambient for CWOLP. A
similar behaviour was observed for other ceramic materials
and disordered materials [15]. Such a behaviour is associated
with processes that occur over fractal structures [16]. The use
of fractal description allows relating the fractal dimension of
the structure to the porosity [17]. The porosity can be written

h
H

3−Df

,

(1)

where h and H are the lower and upper limits of similarity,
respectively, and Df is the fractal dimension of the object.
The inset of ﬁgure 1 depicts the ﬁtting of the dielectric
permittivity decrease with the increase of frequency according
to the following law [17]:
ε ( f ) ≈ f b ,

(2)

where the exponent b is related to the fractal dimension by the
relation (Df −3)/2. It ranges between −1 and 0. The obtained

Figure 3. Frequency dependence of M  for (a) CWOLP and (b) CWSLP.
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value is presented in the inset of ﬁgure 1. Consequently,
the porosity φ determined by the dielectric permittivity
measurements is about 53.9% for CWOLP. This value is in
agreement with that given in our previous work [14].
3.2 Dielectric relaxations analyses
Comparative plots of the frequency dependence of the dielectric permittivity (ε ) and the loss factor (ε ) in CWOLP and
CWSLP for different temperatures from −100 to 200◦ C in
the increments of 10◦ C are shown in ﬁgure 2a–d. An overall
decrease in ε with the increase in frequency and an increase in
intensity with temperature at low frequencies were observed.
The dispersion shown at low frequencies was more noticeable in the temperature range −30 to 20◦ C. Accordingly, the
loss factor in this temperature range exhibits a dc conductivity effect. This dielectric permittivity enhancement could be
attributed to the kinetic transition due to water molecule reorientation in the vicinity of a defect [19]. Such a behaviour was
also obtained for porous rocks ceramics. It is associated with
the water bound in the system [17]. Besides, the loss factor,
ε , displayed the presence of only one dielectric relaxation
at lower temperatures for both samples. This relaxation originates from the reorientation of water molecules in ice-like
water cluster structures.
To minimize the effect of the dc conductivity, the formalism
of the ‘electric modulus’ or ‘inverse complex permittivity’ is
introduced. This electric modulus has recently been adapted
for the description of dielectric processes occurring in systems
with ionic conductivity [20]. The electric modulus, M ∗ , is
deﬁned by the following relationship [21]:
M∗ =

1
1
ε
ε
=
=
+
j
= M  + j M  ,
ε∗
ε
ε2 ε2
ε2 ε2

The second relaxation process occurred in the temperature range −40 to 30◦ C for the CWOLP and −50 to 40◦ C
for CWSLP, which is attributed to the kinetic transition
due to water molecule reorientation in the vicinity of a
defect [19].
The last relaxation process appeared in the high temperature region, above 70◦ C for CWOLP and above 80◦ C for
CWSLP, which is associated with the Maxwell–Wagner–
Sillars polarization process as a result of the trapping of free
charge carriers at the interface of the porous media.
In this analytical dielectric study, the focus was on the interaction of water with the porous ceramic inner structure. For
this purpose, quantitative dielectric analyses of the ﬁrst and
second relaxations were investigated.
The temperature dependences of the relaxation times of the
ﬁrst dielectric process for the CWOLP and CWSLP reveal
Arrhenius behaviour, as illustrated in ﬁgure 4. The mean values of activated energy, E a1 , related to the ﬁrst relaxation
are 22 and 22.73 kJ mol−1 for CWOLP and CWSLP, respectively (table 1). These values are signiﬁcantly smaller than
that for bulk ice (∼60 kJ mol−1 ) [23]. The decrease in E a1
could be attributed to a less rigid ice-like structure in comparison with the bulk ice. Hence, the internal structure of porous
media facilitates the reorientation of water molecules in icelike structure due to the presence of structural defects [24]. As
a result, the relaxation times of the ﬁrst relaxation illustrated
in table 1 for CWOLP and CWSLP are smaller than that for
bulk ice (∼10−5 s). Taking into account the lateral surface
state of the sample, it can be noted that this condition does

(3)

where M  and M  are the real and imaginary parts of electric modulus, respectively. An advantage of using the electric
modulus to interpret bulk relaxation properties is that the
variations in the large values of real part of permittivity and
the loss factor at low frequencies are minimized. In this
way, common difﬁculties of electrode nature and contact,
space charge injection phenomena and absorbed impurity
conduction effects, which appear to obscure relaxation in
the permittivity representation, can be resolved or even
ignored [22].
On transforming the loss factor values into the electric
modulus formalism, ﬁgure 3a and b is obtained, giving the
imaginary part, M  , of the electric modulus vs. frequency for
CWOLP and CWSLP. The variation of the imaginary part M 
with temperature shows the presence of a series of three distinct relaxations as the CWOLP and CWSLP are heated over
the temperature range −100 to 200◦ C.
The ﬁrst relaxation process, which is observed in the lowtemperature region from −100 to −20◦ C for CWOLP and
from −100 to −30◦ C for CWSLP, is due to the reorientation
of water molecules in ice-like water cluster structures.

Figure 4. Arrhenius plots of the τ values vs. the reciprocal temperature for CWOLP and CWSLP.
Table 1. Activation energies E a1 and relaxation times τ01
of the ﬁrst dielectric relaxation for the CWOLP and CWSLP.
Samples

Relaxation

E a1 (kJ mol−1 )

τ01 (s)

CWOLP
CWSLP

1
1

22
22.73

7.42 × 10−11
6.91 × 10−11
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Figure 5. Argand’s plots of M ∗ for (a) CWOLP and (b) CWSLP at −70◦ C. Full lines
correspond to the best ﬁt according to equation (4).

not affect the reorientation of water molecules in the ice-like
structure. This explains why the activation energies E a1 for
CWOLP and CWSLP are similar.
The Argand representation was used to analyse the nature
of the ﬁrst relaxation. Figure 5a and b presents an illustration of Cole–Cole plots at −70◦ C for CWOLP and CWSLP,
respectively.
It has been well established that the response of every relaxation mechanism can be represented very precisely by a model
function with four parameters at the most. Among others, this
includes the following function [25,26]:
M ∗ = M∞ +

Ms − M∞
.
(1 + (jωτ )1−α )β

(4)

This function, which was introduced by Havriliak and Negami, is widely used thanks to its suitability for mathematical

processing. In this equation, MS and M∞ are the dielectric
modulus on the low- and high-frequency sides of the relaxation, where τ is the central relaxation time and ω is the radial
frequency; α and β are fractional shape parameters describing
the skewing and broadening of the dielectric function, respectively. Both α and β range between 0 and 1. These coefﬁcients
act as the deviation from the Debye equation. In fact, when
α and β are equal to 1, this equation reduces to the Debye
equation.
To determine the parameters characteristics of the
Havriliak–Negami model (α, β, MS and M∞ ), the experimen

and Mexp
data were smoothed through a numerical
tal Mexp
simulation in the complex plane. The purpose of such a simulation was to ﬁnd the theoretical values (Mth and Mth ).
The values of α, β, MS and M∞ that best smoothed
the Havriliak–Negami data were obtained by a successive approach method, in which the following expressions
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Table 2. Parameters evaluated by data ﬁtting according to
equation (4) for the CWOLP and CWSLP.
Samples

T (◦ C)

Relaxation

α

β

Ms

M∞

CWOLP

− 100
− 90
− 80
− 70
− 60
− 50
− 40
− 30
− 20

1
1
1
1
1
1
1
1
1

0.70
0.69
0.69
0.69
0.69
0.68
0.75
0.80
0.95

0.89
0.89
0.89
0.89
0.89
0.89
0.89
0.87
0.77

0.159
0.159
0.159
0.159
0.159
0.155
0.154
0.141
0.127

0.234
0.235
0.234
0.234
0.234
0.232
0.229
0.224
0.219

CWSLP

− 100
− 90
− 80
− 70
− 60
− 50
− 40
− 30

1
1
1
1
1
1
1
1

0.70
0.69
0.69
0.69
0.69
0.67
0.73
0.99

0.85
0.83
0.83
0.80
0.82
0.83
0.84
0.70

0.154
0.148
0.144
0.140
0.136
0.130
0.126
0.123

0.217
0.217
0.215
0.215
0.207
0.207
0.205
0.199

Figure 6. Temperature dependence of the ﬁrst dielectric relaxation
intensity ε for (a) CWOLP and (b) CWSLP.

were minimized:
2
χM
 =
2
χM
 =


i


(Mth − Mexp
)2 ,

(5)

 2
(Mth − Mexp
) .

(6)


i

The parameters evaluated by the ﬁtting data are listed in
table 2.
It has been proven that only one-quadruplet value is able
to tone with these conditions. The values of α and β of the
ﬁrst dielectric relaxation for CWOLP and CWSLP go in the
same line with the Havriliak–Negami response. Hence, the
structural defects in silica porous ceramics affect the nature
of the ﬁrst dielectric relaxation differently in comparison with
those in porous glasses [19].
Figure 6 illustrates the strength evolution of this relaxation
in permittivity values, deﬁned by ε = εs − ε∞ [27], vs. the
measured temperature for CWOLP and CWSLP. The obtained
dielectric strength of CWOLP and CWSLP is close to that
of bulk ice [28]. Such a result shows that there is enough
amount of water inside the pores for the formation of the
ice-like structure for both ceramics. Nevertheless, this dielectric strength exhibits an increase in intensity with temperature
for CWSLP and a steadily constant tendency with temperature for CWOLP at the beginning and a sharp increase at the
end. Furthermore, the intensity is slightly higher for CWSLP.
Therefore, the lateral surface state of the sample affects the
intensity and variation with temperature of the ﬁrst dielectric
relaxation strength.
To further probe the water–inner pore surfaces interaction, the second dielectric relaxation was analysed. Figure 7
presents the temperature dependence of its dielectric relaxation time. Its variation reveals non-monotonic relaxation

Figure 7. Temperature dependence of the dielectric relaxation
time of water conﬁned in CWOLP () and CWSLP (). Full
lines correspond to the best ﬁt according to equation (7). Sample
CWOLP: ln τ0 = −81.2 ± 3.8, E a = 151.7 ± 8.2 kJ mol−1 ,
E b = 70.60 ± 0.14 kJ mol−1 , C = 2.64 × 1013 ± 0.45 × 1013 .
Sample CWSLP: ln τ0 = −91.7±6.9, E a = 164.9±14.9 kJ mol−1 ,
E b = 35.19 ± 0.20 kJ mol−1 , C = 2.13 × 107 ± 0.71 × 107 .

kinetics. The model used in this analysis is based on that
introduced to describe the relaxation properties of water
adsorbed on the inner surfaces of porous glasses [11,19].
According to this model the relaxation time is deﬁned by
the following equation [11]:


τ
ln
τ0





Eb
Ea
+ C exp −
=
,
kb T
kb T

(7)

where E a is the activation energy of a water molecule reorientation, E b is regarded as the defect formation energy, kb is
the Boltzmann constant and T is temperature. C = n 0 v0 /v is

Relaxation of water in porous silica ceramics
a conﬁnement factor, where v0 is the volume of a molecule (a
mobile unit), n 0 is regarded as the maximum possible defect
concentration and v is the total volume of the system [11].
The ﬁtting curves presented in ﬁgure 7 show a good
agreement between the experimental and theoretical data
given by this model. The ﬁtted values of E a for both
ceramics are higher than the energy attributed to the water
molecule reorientation for bulk ice I, which is evaluated as
55.5 kJ mol−1 [24,29]. The kinetic transition due to water
molecule reorientation in the vicinity of a defect seems to be
more difﬁcult, which can be related to a better water–inner
surfaces interaction. Indeed, the ﬁtting values of E b for both
ceramics are higher than the energy attributed to the defect
formation of bulk ice I, which is evaluated as 32.9 kJ mol−1
[24,29]. In addition, the comparison of these values revealed
that CWOLP shows a better interaction as its energy E b
was the highest [11]. Hence, this quantitative analysis of the
kinetic transition process conﬁrmed an enhancement of the
water–inner surfaces interaction when the lateral pores of the
porous silica ceramic were opened.
4. Conclusions
Dielectric measurements were performed on porous silica
ceramics to prove the effect of the lateral surface state of the
sample on the water–inner surfaces interaction. The analysis
of the dielectric relaxation attributed to the reorientation of
water molecules in ice-like water cluster structures revealed
a similar ice-like structure in both cases and agreement with
the Havriliak–Negami model. However, lateral surface state
might affect its dielectric relaxation strength, which could
be enhanced when lateral pores are sealed. Moreover, the
analysis of the non-monotonic relaxation kinetics taking into
consideration water conﬁnement in the porous silica ceramics
revealed a better water–inner surfaces interaction when lateral
pores of the ceramic were opened.
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