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The molecule-water and molecule–molecule interactions are the main keys to understanding the behav-
ior of polysaccharides in an aqueous solution. In this work, electrical impedance spectroscopy is used to
investigate raw polysaccharides’ dielectric and electrical properties. Impedance data were carried out for
different concentrations in the frequency range [10-2–106Hz] and then analyzed in Nyquist and bode rep-
resentation, revealing one clear maximum due to the electrode polarization. Therefore, the complex con-
ductivity is analyzed and makes the other relaxation processes very clear.
Moreover, an appropriate equivalent circuit was developed, showing good agreement with the exper-

imental data. The extrapolation and deconvolution approaches in the frequency range [10-3–107Hz] were
performed to confirm the presence of the three relaxation processes and the validity of the equivalent
circuit. The first was attributed to the electrode polarization, and the other processes were attributed
to the molecules-water and molecule-counterion interactions. Finally, a clear transition at 5% (w/v) is
shown in the evolutions of the conductivity, suggesting the transition from the dilute to the semi-
dilute domain.
� 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction of the polymer and the physical properties or functions of the sys-
Algal hydrocolloids are essential products used in medicine,
food, and industrially. Among these hydrocolloids, there are algal
polysaccharides [1,2]. They have a strong affinity for water due
to the presence of OH groups. These can form a hydrogen bond
either with neighboring units of the same macromolecule or with
neighboring chains or water molecules. Therefore, the balance
between the molecule–molecule interaction and the molecule-
water interaction is the key to understanding the properties of
polysaccharides [3]. The dielectric properties of polyelectrolyte
solutions are dominated by electrostatic interactions between the
fixed charges of the polyelectrolyte and its counterions [4,5]. The
electrostatic interaction is significantly related to the conformation
tem [6,7]. Therefore, it is crucial to investigate the dielectric and
electric properties to get helpful information about the polymer
conformation and the polymer/counterion interaction [8]. In this
context, impedance spectroscopy has been used to study dielectric
and electrical properties in an aqueous solution of raw
polysaccharides.

Several works have been performed on the rheological proper-
ties of polysaccharides of algal sources [9,10,11]. Our recent work
[9] found that the rheological properties exhibited interesting
properties in terms of consistency and viscosity. In addition, it
was found that at 5% (w/v), a net transition has occurred, suggest-
ing the transition from the dilute to the semi-dilute solution due to
the entanglement between the chain of polymers.

However, it seems that to our best knowledge, there are not
enough studies on the dielectric properties of these complex sys-
tems, basically the complex conductivity. Therefore, this study
was conducted in the frequency range [10-2–106Hz] to investigate
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the dielectric properties, especially the complex conductivity at
different concentrations at room temperature.

The system’s dielectric response is generally fitter by an equiv-
alent circuit. The electrical circuit provides a simple visual model of
complex time-dependent electrical and electrochemical processes
by quantifying the impedance response through a combination of
capacitors, resistors, and non-ideal elements [12–14]. The main
advantage of modeling with electrical circuits is the analysis of dif-
ferent frequency spectra. However, the main challenges are finding
an appropriate model to attribute physical significance to the cir-
cuit elements and modeling the frequency response of real devices
with the equivalent circuit [15].

Sometimes, relaxation processes may be convoluted and/or not
wholly located in the frequency range of measurement [16]. There-
fore, the dielectric behavior is still being determined. In this case,
extrapolation and deconvolution approaches isolate each process’s
contribution and identify the corresponding relaxation frequen-
cies, such as polysaccharides. According to Einfeldt et al. and Meiß-
ner et al [17 18], the problem of the origin and interpretation of
dielectric relaxations of pure polysaccharides has not been solved.
In some cases, the reorientation movements of the substituent side
groups frequently overlap with the local chain movement process
of the pure polysaccharides, making the separation and identifica-
tion of the relaxation processes more difficult. On the other hand,
in the presence of water and counter-ions with the polysaccha-
rides, the identification of the relaxation processes will be more
complicated.

Two purposes are highlighted in this work. The first is low-
frequency analysis for studying complex liquids, and the second
is understanding the mechanism of interaction of raw polysaccha-
rides in aqueous solutions.

In this work, a new approach was conducted to analyze the
experimental data of the complex impedance and conductivity.
In addition, an appropriate equivalent circuit is developed based
on theoretical considerations, which showed a good fit with the
experimental data. Extrapolation and deconvolution in the fre-
quency range [10-3–107 Hz] were performed to investigate the
relaxation process further and confirm their existence. Finally,
the determination of the optimal concentration of the entangle-
ment of the different existing elements in the solution under study.
2. Materials and methods

2.1. Extraction of raw polysaccharides

Raw polysaccharides are extracted from Cystoreira myriophyl-
loides algae. Further information regarding the extraction and
preparation protocol of the raw polysaccharides is given in detail
in our recent work on the rheological properties [11].
2.2. Chemical composition of raw polysaccharide

2.2.1. Structural analysis
After complete hydrolysis, the raw polysaccharides were ana-

lyzed by high-performance anion-exchange chromatography
(HPAEC-PAD). The procedure for Structural analysis is similar to
that of Liu et al. [19]. And all chemicals used in this study were
of analytical grade (purity � 99.9%) [20]. The hydrolysis was per-
formed in 1 mL of 2.0 M trifluoroacetic acid (TFA) in a sealed test
tube at 120 �C for 1 h30. The neutralization was performed with
NH4OH (35% NH3). The precipitate was collected by centrifugation
(14,000g/15 min). The hydrolysate was completely dissolved with
ultrapure water and then fixed to 50 mL.

The analysis was performed by a Dionex ICS-3000 system that
included an SP gradient pump, a pulsed amperometric detector
344
with a gold working electrode, an Ag/AgCl reference electrode,
and Chromeleon version 6.5 (Dionex Corp., Sunnyvale, CA).
2.2.2. Mineralogical analysis
Total ash contents of raw polysaccharides were determined by

an inductively coupled plasma (ICP) instrument (JOBIN YVON
HORIBA / Ultima 2) after calcination at 550 �C overnight.
2.3. Electrical impedance measurement

The solutions of raw polysaccharides at different concentrations
(2, 3, 4, 5, 6, and 7 % (w/v)) are prepared by dissolving the dried
powder in distilled water. More time is taken for stirring and
allowing the solution to stand overnight to ensure thermodynamic
equilibrium.

Dielectric measurements were performed using a Solartron
Analytical analyzer (Materials Lab XM). The complex impedance
is measured at room temperature in the frequency range [10-2–
106Hz]. Electrical measurements were made with a two-
electrodes system. With a surface area of 1.5 cm2, the thickness
between them was 2.0 mm. The amplitude of the AC voltage
applied was selected at 50 mV for all measurements based on var-
ious amplitudes using the Kramer test to maintain the system’s
linearity.
3. Results and discussion

3.1. Structural analysis

The analysis carried out by ion chromatography showed the
existence of fucose (22.65%) and galactose (09.19%) for the
monosaccharide composition and glucuronic acid (10.09%), with
a significant proportion of the crude polysaccharides of Cystoseira
myriophylloides. In addition, other compounds that do not exceed
(5%) in composition exist, such as mannose, rhamnose, xylose, glu-
cosamine, and xylose. The chemical composition obtained is
almost similar to that of other researchers [21,22].
3.2. Analysis of mineralogical composition

The ICP analysis showed that the raw polysaccharides contain
oligo-elements (monovalent cations) such as potassium (69.15%),
sodium (5.63%), as well as some divalent cations such as magne-
sium (15.24%), and calcium (6.33%).

The ash content estimated in this study was higher than that
obtained by Khajouei et al. [23]. This difference can be due to the
effect of geographical location and season of algae harvesting.
3.3. Analysis of the complex impedance of raw polysaccharide at
different concentrations

The dependence of the real and imaginary parts of the complex
impedance as a function of frequency at different concentrations of
raw polysaccharides are shown in Fig. 1 (a-b). As can be observed,
all raw polysaccharide concentrations show the same frequency
dependence except for the 0% concentration, which shows a very
clear relaxation peak in the frequency range.

The plots of the reel and imaginary part of the complex impe-
dance are inadequate to identify the relaxation processes and high-
light the evolution of the complex impedance as a function of the
concentration. In this situation, the relaxation processes could be
hidden, and it was not easy to find their origins. Therefore, it would
be difficult to identify this sample’s relaxation times and
frequencies.

http://anion-exchange+chromatography


Fig. 1. Real (a) and Imaginary (b) parts of the complex impedance as a function of the frequency of raw polysaccharides at different concentrations.
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To give a background to our following discussion and analysis of
impedance data, we give so far only a summary. It is well known
that different forms of dielectric response are commonly observed
in a complex sample like polyelectrolyte. The electrode polariza-
tion cannot be avoided [24]. Either the bulk has an electrical impe-
dance so that the applied voltage drops quasi-uniformly
throughout the thickness of the sample, or the bulk impedance is
lower than that present in the region of the electrodes. In the for-
mer case, one can describe the response in terms of the bulk prop-
erties of the material, while in the latter case, the response is
dominated by charge accumulation near the electrodes leading to
the formation of barrier layers that are formed at the electrode sur-
face. Therefore, this behavior could analyze the impedance data
very complicated and how to isolate the contribution of electrode
polarization.

According to the analysis of the composition, it is found that the
sample can be considered an ionic polysaccharide. In this case, the
electrical properties of the solution are considered to be dominated
by the electrostatic interactions among the fixed charges on the
polyelectrolyte and its counterions. The electrostatic interaction
is significantly related to polymer conformation and physical prop-
erties. The counterions can be classified into two groups, the
tightly bound counterions, and the loose ones. For divalent cations
such as magnesium (15.24%) and calcium (6.33%), strong interac-
tions are expected with these later cations and carboxyl groups on
adjacent polymer chains since the chemical composition showed
their existence. As for monovalent cations such as potassium
(69.15%) and sodium (5.63%), these cations are expected to make
hopping movements between the polymer chains of the monosac-
charides. Some of them can move up to the electrodes. Therefore,
we can suspect the contributions of electrode polarization in the
low-frequency region.

The mobility and the fluctuations of the tightly bound counteri-
ons can occur within a short range of the length fluctuations and,
therefore, a short time. In contrast, the mobility of the loosely
bound counterions can occur within an extended range of the
length via hopping from the neighboring site. Therefore, the contri-
butions of the tightly bound counterions are expected to be seen in
the high-frequency region, and the contributions of the loosely
bound counterions are expected to be seen in the low-frequency
region [8]. Based on all these considerations, we focused on the
complex conductivity analysis in the next section.

Since all raw polysaccharide concentrations showed the same
frequency dependence, the concentration of 5% (w/v) will be
selected for an in-depth analysis of this behavior as a function of
frequency.
345
3.3.1. Modeling of the impedance data with an equivalent circuit
The analysis of other authors on the dielectric behavior of

polysaccharides in aqueous solutions showed the existence of
two relaxation processes, the first around 1 kHz, and the second
appearing at frequencies above 1 MHz [5]. For these reasons,
the equivalent circuit (Fig. 2) developed for analyzing the impe-
dance data will be composed of three parts, and each part will
be attributed to a specific relaxation. Therefore, the equivalent
circuit could reflect the electrical behavior of three types of
relaxations.

Fig. 3 shows the modeling results with the equivalent circuit
developed to analyze the impedance data of the concentration 5%
(w/v).

The modeling with the equivalent circuit agrees well with the
experimental data in the studied frequency range. For this reason,
it is vital to calculate the expression of the complex impedance of
the equivalent circuit developed to obtain each relaxation
frequency.

The expression of the impedance can be written as follow:

Z � xð Þ ¼ Rs þ R1

1þ jxsz1ð Þp1 þ
R2

1þ jxsz2ð Þp2 þ
R3

1þ jxsz3ð Þp3 ð1Þ

With

szi ¼ Ri:Tið Þ1=pi i ¼ 1;2;3 ð2Þ
where szi, are the relaxation times.

Each term in the above expression (1) is similar to the Cole-Cole
relaxation parameters in the complex permittivity [24]:

e�ðxÞ ¼ e1 þ De
1þ ðixseÞp

ð4Þ

where es and e1 are the low and high-frequency dielectric con-
stants values, respectively, se is the relaxation time, De is the
dielectric strength (De = es-e1), and p is an exponent between 0
and 1.

The presence of a maximum in the evolution of the imaginary
part of the complex permittivity as a function of frequency charac-
terizes this relaxation process. This maximum is localized at:

wmax ¼ 1
sz1

¼ 1

R1:T1ð Þ1=p1
ð5Þ

Therefore, this behavior can be rewritten as follows:

Z�ðxÞ ¼ Z1 þ DZ
1þ ðixszÞp

ð6Þ



Fig. 2. Equivalent circuit developed to fit experimental data of impedance spectrum and complex conductivity at different concentrations.

Fig. 3. Evolution of the real (a) and imaginary (b) part of the impedance as a function of frequency for 5% (w/v) of raw polysaccharides.
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where sz=(2pf)-1 is the relaxation time and DZ = Z1-Zs is the inter-
related dielectric increments, and Z1 and Zs are the values of the
impedance at high and low frequencies [25].

The obtained parameters of the equivalent circuit are shown in
Table 1 at different concentrations.

Table 1 shows a clear transition of all parameters at 5% (w/v)
of concentration. For example, the relaxation frequencies of each
process of the concentration of 5% (w/v) are f1 = 5,59 � 10-3Hz,
f2 = 4.89 � 102Hz, and f3 = 6.96 � 105Hz. Therefore, for better
visualization of these relaxation processes, an extrapolation of
the impedance data in the frequency range [10-3-107Hz] will be
used.
3.3.2. Extrapolation and deconvolution of the impedance data of each
process.

The extrapolation and deconvolution approach, in the fre-
quency range [10-3-107Hz], were performed to follow the impe-
dance trend and highlight the relaxation processes. The
equivalent circuit developed corresponds to three types of Cole-
Cole relaxation.

According to Fig. 4 (a), it can be seen that the deconvolution
approach can identify each process and then extract the relaxation
time corresponding to the maximum of each peak. The imaginary
part of the impedance thus reveals three relaxation maxima,
approximately at a low frequency, around 0.01 Hz, the second
Table 1
Parameters from the fitting with the equivalent circuit for the raw polysaccharides at diff

C (%) Rs (O) CPE1_T1 (lF) CPE1_p1 R1 (O) CPE2_T2 (lF

2 16,76 010,0 0,77 1,45 065,38
3 12,99 050,0 0,63 1,67 070,98
4 8,78 145,8 0,56 1,61 122,84
5 6,47 100,0 0,57 1,64 065,69
6 17,82 003,2 0,90 1,18 267,60
7 31,69 005,0 0,82 2,98 174,89
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relaxation peak between 102 and 103Hz, and the last at a high fre-
quency of 1.05 � 106Hz.

The Nyquist representation (Fig. 4 (b)) shows a single semicir-
cle. However, the inset shows the existence of two semicircles
dominated by low-frequency electrode polarization.

As mentioned previously, complex conductivity is beneficial for
analyzing dielectric properties. In addition, impedance measure-
ments could be relatively slow to observe mobility and relaxation
processes.
3.4. Analysis of the complex conductivity

The complex conductivity r* (x) can be obtained from the
expression of the complex impedance according to the following
relationship [26,27]:

r � xð Þ ¼ k� 1
Z � xð Þ ð11Þ

where k is the cell constant.
According to this relationship, any process hidden in the impe-

dance plot is expected to be more amplified in the conductivity
evolution.

Our study uses the complex conductivity of the raw polysaccha-
rides for different concentrations. It was obtained using ZView
erent concentrations.

) CPE2_p2 R2 (O) CPE3_T3 (lF) CPE3_p3 R3 (MO)

0,90 18,68 58,39 0,85 0,27
0,88 13,78 62,56 0,86 0,19
0,82 21,34 68,87 0,87 0,18
0,89 11,99 57,55 0,87 0,32
0,74 13,89 57,95 0,88 0,26
0,75 26,55 50,51 0,89 0,15



Fig. 4. Bode (a) and Nyquist diagrams in the frequency range [10-3–107Hz].
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software, and its evolution according to each concentration is
shown in Fig. 5.

Fig. 5(a) shows that all concentrations have the same frequency
dependence except distilled water. Compared to the evolution of
the plots of the imaginary part of the complex impedance, the
imaginary part r’’(x) showed a vast peak, which suggests the con-
volution of several processes and the beginning of the appearance
of another process in the high-frequency region (Fig. 6).

It is important to note that the magnitude of these peaks
increases with increasing concentration up to 5% of raw polysac-
charide concentration. Then the magnitude started to decrease.
In addition, the frequency corresponding to these peaks shifts to
the high frequency up to 5%, then shifts to the low-frequency
region. These behaviors were not seen in the plots of the impe-
dance versus the frequency.

Regarding the Nyquist plot (Fig. 5-b), the evolutions also
showed a depressed semicircle and the beginning of the appear-
ance of another high-frequency process. On the other hand, from
the inset in the Nyquist diagram, the distilled water reveals a relax-
ation peak and a straight line in the imaginary part of the conduc-
tivity. The inset in the Nyquist diagram clearly shows a semicircle
and a straight line.

A clear distinction between the different concentrations is
shown in both concentration regions. In the first concentration
region (below 5% (w/v)), the diameter of the semicircle increases
with the concentration. This behavior is reflected by an increase
in the counterion charges in the solution and the phenomenon of
diffusion between the particles. In contrast, in the second region
(above 5% (w/v)), the diameter of the semicircles decreases with
the concentration increase. This behavior decreases the counterion
Fig. 5. Bode (a) and Nyquist (b) plots of complex conductivity
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charges in the solution due to the entanglement of the different
components of the solution.

3.4.1. Modeling of the complex conductivity
Fig. 6 (a-b) shows the Bode and Nyquist plots of the complex

conductivity of the selected concentration 5% (w/v) in the fre-
quency range [10-2-106Hz].

More interesting, the developed equivalent electrical circuit to
fit the impedance data perfectly fit the experimental data of the
complex conductivity. These results confirm the validity of this cir-
cuit developed for analyzing the experimental data.

As was observed from impedance data, the extrapolation
approach confirms the existence of the third relaxation process
at high frequency. Therefore, it seems very important to follow
the same approach to highlight the existence of three relaxation
processes.

The electrical circuit used to model the impedance data and
complex conductivity is only a superposition of three Randles-
type circuits, characteristic of a Cole-Cole relaxation. Due to simpli-
fying the theoretical calculation of the complex conductivity, one
block of the circuit is considered to calculate the expression of
the relaxation time.

The expression of the complex conductivity is:

r�ðxÞ ¼

k�
Rsi þ Ri
� �þ 2Rsi þ Ri

� �
spii xpi cos pip=2ð Þ þ Rsis

2pi
i x2pi

h i
þ j Rispii xpi sin pip=2ð Þ� �

Rsi þ Ri
� �2 þ 2 Rsi þ Ri

� �
Rsis

pi
i xpi cos pip=2ð Þ þ R2pi

si
s2pii x2pi

This expression is similar to that representing the Cole-Cole
relaxation in the complex permittivity [25]:
spectra of raw polysaccharides at different concentrations.



Fig. 6. Bode (a) and Nyquist (b) diagrams of the complex conductivity.

S. Zaim, M. Monkade, H. Rchid et al. Materials Science for Energy Technologies 6 (2023) 343–350
e�ðxÞ ¼ e1 þ De
1þ ðixseÞp

ð15Þ

where es and e1 are the low-frequency and the high-frequency
dielectric constants values, respectively, s is the relaxation time,
De is the dielectric strength (De = es � e1), and p is an exponent
between 0 and 1.

In this case, this behavior can be described by the following
equations:

r�ðxÞ ¼ r1 þ Dr
1þ ðixsrÞp

ð16Þ

where sr=(2pf)-1 is the relaxation time and Dr = r1-rs is the
interrelated dielectric increments, r1 and rs are the values of the
conductivity at high and low frequencies, respectively [25].

The following expression describes the evolution of the com-
plex conductivity (equation (12):

r�ðxÞ ¼ r1HF þ DrHF

1þ ðixsrHFÞp1
þ r1MF þ DrMF

1þ ðixsrMFÞp2

þ r1LF þ DrLF

1þ ðixsrLFÞp3
ð21Þ

According to this formula, the global expression of the complex
conductivity can be expressed by a superposition of three Cole-
Cole relaxation processes: at high, medium, and low frequencies.

For example, the relaxation frequencies of each process of the
concentration 5% are fr1 = 0.41 � 103Hz, fr2 = 1.33 � 103Hz, and
fr3 = 0.26 � 106Hz. Therefore, for better visualization of these
relaxation processes, an extrapolation of the conductivity data in
the frequency range [10-2-107Hz] will be used.
Fig. 7. Bode (a) and Nyquist (b) representations of the 5% polysaccharide concentration.
107Hz].
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3.4.2. Extrapolation and deconvolution approaches of each relaxation
process of the conductivity

The extrapolation in the frequency range [10-2–107Hz] was per-
formed to investigate the trends of the conductivity. In addition,
the separation and deconvolution of all processes were performed
to analyze each relaxation process (Fig. 7).

The imaginary part of the complex conductivity shows a very
broad relaxation peak, indicating the existence of two convoluted
peaks around 114.82 and 2389.8 Hz. Moreover, another peak
appears at a high frequency of 1.73 MHz above 1 MHz. Similarly,
the extrapolation in this frequency range is very useful in high-
lighting these relaxation processes. Moreover, the Nyquist repre-
sentation shows a very broad semicircle and a high-frequency
semicircle corresponding to the high-frequency process.

In the same way, to analyze the different relaxation processes,
the deconvolution approach will be used to analyze each process.
The imaginary part of the complex conductivity reveals three
relaxation peaks at a low frequency of around 316 Hz, the second
relaxation peak at 1122 Hz, and the last at a high frequency
(1.05 � 106 Hz). In addition, the Nyquist representation shows
three semicircles corresponding to the relaxations at low, medium,
and high frequencies. From this figure, all processes are visible in
the studied frequency range and are not dominated by electrode
polarization.
3.5. Origin of the different relaxation processes

At this stage, three relaxations have been identified. Therefore,
it is essential to define their origins. The identification by ion chro-
matography revealed the existence of different anionic monosac-
The solid line corresponds to the fit and extrapolation in the frequency range [10-2–
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charides. In addition, the ICP showed the presence of 30% of min-
eral elements, which will play the role of counterions. We expect
only one ionic species to contribute to the conduction process for
a dissociating material with several conductive fractions, anionic
monosaccharides, and cationic mineral elements.

The first process at a medium frequency could be attributed to
the electrostatic interactions of the counter ions, which are very
strongly bound to the anions (negative sites) of each component
of the sample polysaccharide under investigation since these latter
are considered to be anionic polymers. The second process can be
attributed to the counter ions’ electrostatic interactions, which are
very slightly bound to the polysaccharide anions without forget-
ting the protons (H+) and the hydroxyl group (OH–) coming from
the water. Therefore, these two relaxation processes can reflect
the nature of the cohesive force between the counterions and the
negative sites of each constituent of the polysaccharides [5]. These
two relaxations were translated by two different relaxation times,
which means that the first process at high frequency occurred in a
short time while the second scale at medium frequency occurred in
a long-time scale. Moreover, at low frequencies, the polarization of
the electrode could be due to the accumulation of free ions on the
electrode surfaces [28].
4. Conclusion

In this study, the effect of the concentration of raw polysaccha-
rides on the dielectric properties is investigated. Impedance and
conductivity data were analyzed and fitted with an appropriate
equivalent circuit which showed a good agreement with the exper-
imental data. Moreover, the extrapolation of the data in the fre-
quency range [10-3-107Hz] is carried out to investigate the
relaxation processes, especially the high-frequency relaxation pro-
cess above 1 MHz. The deconvolution approach is used to identify
the conduction processes. Consequently, three relaxation processes
are identified in Bode and Nyquist diagrams of complex conductiv-
ity evolution. This evolution shows a clear transition at 5%(w/v),
suggesting the transition from the dilute to the semi-dilute
domain. These results showed a good correlation with our recent
work related to the study carried out on rheological properties
[9]. Finally, our approach is an effective method for analyzing the
distribution of polymer chains and the nature of counterions bind-
ing in polysaccharide solutions.
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