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Abstract
In the present study, a novel solid biopolymer electrolyte (SBE) system is introduced by doping citric acid into alginate
polymer. A sample of the alginate-citric acid SBE system was prepared via a solution casting technique. Using electrical
impedance spectroscopy (EIS), the electrolytes of alginate-citric acid analyzed from 5 Hz to 1 MHz achieved the highest
conductivity at 20 wt.% of 5.49 × 10-7 S cm-1. The temperature dependence of various citric acid amounts obeyed the Arrhenius
rule with R2~1, where all SBE systems were thermally activated with increasing temperature. The dielectric studies of the
alginate-citric acid SBE system showed non-Debye behavior based on data measured using complex permittivity (ε*) and
complex electrical modulus (M*) at selected temperature, where no single relation was found in the new biopolymer electrolyte
system.

Abstract
Karakterisasi Sifat-Sifat Listrik pada Alginat Berbasis Elektrolit Biopolimer Padat Baru yang Dimasukkan
dengan Asam Sitrat. Di dalam studi kali ini, suatu sistem elektrolit biopolimer padat (SBE) baru telah diperkenalkan
dengan mendoping asam sitrat ke dalam polimer alginat. Sampel sistem SBE alginat-asam sitrat dibuat melalui teknik
pengecoran larutan. Dengan menggunakan Spektroskopi Impedansi Listrik (Electrical Impedance Spectroscopy (EIS)),
elektrolit-elektrolit alginat-asam sitrat telah dianalisis dari 5 Hz sampai 1 MHz mencapai nilai konduktivitas tertinggi
pada 20% berat sebesar 5,49 x 10-7 S cm-1. Ketergantungan temperatur berbagai komposisi asam sitrat terbukti
mentaati aturan Arrhenius dengan R2~1 di mana semua sistem SBE diaktifkan secara termal ketika menaikkan
temperatur. Studi-studi dielektrik tentang sistem SBE alginat-asam sitrat menunjukkan suatu perilaku non-debye
berdasarkan pada data yang diukur dengan menggunakan permitivitas kompleks (ε*) dan modulus listrik kompleks
(M*) pada temperatur yang dipilih di mana tidak ditemukan adanya hubungan tunggal di dalam sistem elektrolit
biopolimer baru.
Keywords: biopolymer; ionic conductivity; Arrhenius; dielectric studies

can achieve good conductivity, including polymer
electrolyte (PE) systems of carboxyl methylcellulose
(CMC) [1], chitosan [2], starch [3], cornstarch [4], and
carrageenan [5].

1. Introduction
In recent years, electrolytes have been widely used in
electrochemical industry in such applications as
batteries, supercapacitors, solar cells, fuel cells and
monochromic devices. This study introduces the
development of electrolyte using a biopolymer material.
Most biopolymers (natural polymers) are biodegradable,
low cost, low toxicity, eco-friendly and abundant
compared to current electrolyte systems that mostly
use hazardous heavy-metal such as lead, lithium and
mercury. Previous research has shown that biopolymers

Alginate biopolymer has good potential as a backbone
polymer matrix in a solid biopolymer electrolyte (SBE)
system. Pure alginate is extracted from cell walls of brown
algae with the empirical formula NaC6H7O7 [6],[7]. In
industry, the biocompatible and low cost alginate
biopolymer produces good thickeners, stabilizers, filmformers and gel-formers with the possibility to
48
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commercialize around the world [8, 9]. Alginate is
suitable as a host polymer but it has low conductivity.
Therefore, a dopant system is needed to enhance the
ionic conductivity performance.
In proton-based conductive electrolytes, citric acid
(CA) acts as a dopant with antioxidant, buffering,
chelating activities and good water solubility [10]. CA
has been used widely in industrial areas, such as the
food, textile, pharmaceutical and chemical industries,
because of its dual function as a stabilizing and
reducing agent [11]. CA is well known for its function
as a dopant that consists of three-carboxyl anions,
which easily adsorb to a surface polymer and can
exert either hydrophobic or coulombic effects on
alginate [12].
In the present study, a protonic conductive SBE system
based on alginate doped with CA at various concentrations
was prepared using a solution casting technique. The
conductivity and dielectric behavior of the alginate-CA
based SBE system were measured and characterized
using electrical impedance spectroscopy (EIS).

2. Methods
Preparation of the SBE system An SBE based on
alginate doped with citric acid (CA) was prepared using a
solution casting technique. 2 g of alginate (Shaanxi
Orient Co.) powder was dissolved in 98 mL distilled
water and doped with different concentrations of CA
(5–30 wt.%). The alginate-CA was magnetically stirred
until a homogenous solution was obtained. The solution
was cast into Petri dishes and left to dry in the oven
until a thin film formed completely. The film was
further dried in desiccators filled with silica gel to
remove the solvent. The concentration of CA and
designation of the SBE systems are shown in Table 1.
Characterization of the SBE system EIS was used to
determine the conduction properties of the system
using a HIOKI 3532-50 LCR Hi-Tester from 303–353
K with frequencies ranging from 50 Hz to 1 MHz.
The alginate-CA films were cut to a suitable size with
Table 1. Designation for the Alginate-CA SBE Systems
Sample

Designation

CA concentration
(wt.%)
0

1

AlCA-0

2

AlCA-1

5

3

AlCA-2

10

4

AlCA-3

15

5

AlCA-4

20

6

AlCA-5

25

7

AlCA-6

30
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surface area as previously reported [13]. The thickness of
the SBE system, t was measured using a digital thickness gauge (DML3032). The ionic conductivity of the
alginate-CA SBE system was calculated using the
following equation:

𝜎=

𝑙
𝑅𝑏 𝐴

(1)

where l is the thickness of the electrolytes, A is the
contact area (cm2) and Rb is the bulk resistance of the
SBE system obtained from the Nyquist plot.
Dielectric study The dielectric constant, εr is also
called the total charge stored in the material while the
dielectric loss, εi is the loss of energy.
The dielectric constant and dielectric loss are
calculated using the following equations:

𝜀𝑟 =

𝑍𝑖
𝜔𝐶𝑜 (𝑍𝑟2 + 𝑍𝑖2 )

(2)

𝜀𝑖 =

𝑍𝑟
𝜔𝐶𝑜 (𝑍𝑟2 + 𝑍𝑖2 )

(3)

Modulus study The real modulus, Mr and imaginary
modulus, Mi were calculated using the following
equations:

𝑀𝑟 =
𝑀𝑖 =

(𝜀𝑟2

𝜀𝑟
+ 𝜀𝑖2 )

(5)

(𝜀𝑟2

𝜀𝑟
+ 𝜀𝑖2 )

(6)

3. Results and Discussion
Conductivity study The alginate-CA of the SBE system was analyzed at ambient temperature, 303 K.
Figure 1 depicts the ionic conductivity of different CA
concentrations incorporated into alginate polymer at
ambient temperature. The ionic conductivity was increased from 5.51 × 10 -8 S cm-1 for AlCA-0 to an optimum value at 5.49 × 10 -7 S cm-1 for AlCA-4. The
change in ionic conductivity with the addition of CA
was due to the complexation between alginate and CA
where high dispersion of H + ions occurred and the
ionic mobility also increased rapidly [14, 15]. The
ionic conductivity started to decrease when CA was
greater than 20 wt. %. According to Othman and Isa
[16], the decrease in ionic conductivity after AlCA-4
was due to neutral aggregation of the re-associated
ions, leading to formation of an ion cluster.
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Figure 2 shows the log conductivity versus 1000/T for
different concentrations of CA from 303 K to 363 K.
AlCA-4 had greater conductivity than the other systems.
The temperature dependent study of the SBE system
obeys the Arrhenius relationship, where the regression
value, R2, is in the range of 0.95 to 0.99 [17], [18]. The
promising ionic conductivity indicates that alginate can
also host proton (H+) conduction as well as other polymers to be used in an electrolyte system. As shown in
Figure 2, the conductivity-temperature data obeys Arrhenius behaviour, where the nature of the cation
transport is quite similar to that in ionic crystals; the
ions migrate into nearer vacant sites and enhance the
ionic conductivity [19]. Therefore, the activation energy, Ea was calculated using the Arrhenius equation:

𝐸𝑎
)
𝑘𝑇

3.6

0.60

0.40

0.37

0.20
0.29

0.26

0.00
5

15

25

35

Concetration of CA (wt. %)

Figure 3. Activation Energy for the Alginate-CA SBE
Systems

(7)

where Ea is the activation energy, σ is the conductivity
of the SBE system, σ0 is the pre-exponential factor, k is
the Boltzmann constant, and T is the temperature in
Kelvin.
The activation energy, Ea is calculated from a linear fit
of the temperature dependence study and calculated
using Equation (7). The activation energy, Ea is the
minimum energy needed for an H + ion to jump from
one site to a neighbouring site due to the defect formation
[20]. Figure 3 depicts the highest conductivity alginateCA SBE system led to a decrease in Ea value (0.26 eV).
The lowest Ea indicates that H+ ions require less energy
to migrate from the carbonyl group to the polymer
backbone, which will enhance the ionic mobility [21].
Dielectric study Figures 4 and 5 show the study of the
dielectric constant and dielectric loss for different acid
concentrations at ambient temperature. At low frequency,
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Figure 2. Temperature Dependence of the Alginate-CA of
SBE System

Activation energy, Ea (eV)

Figure 1. Ionic Conductivity of the Alginate-CA SBE
Systems at Ambient Temperature

𝜎 = 𝜎0 𝑒𝑥𝑝 (−

3.2

1000/T (K-1)

the dielectric constant and dielectric loss increase
sharply, indicating that the effect of electrode polarization and space charge occurred, confirming the nonDebye behaviour state with non-exponential relaxation
in time [22]. At high frequency, the periodic reversal
movement of the electric field performs rapidly, where
there is no excess ion diffusion and dispersed energy in
the path of the field [23]. Based on this study, there
were no appreciable relaxation peaks in the frequency
range. Figure 6 shows that increasing the temperature
of the highest conductivity sample (AlCA-4) enhanced
the dielectric value, which indicate the re-diffusion of
ions where it began to aggregate, resulting in the increase in ions [24].
Modulus study Dielectric modulus is a study to
approach the dielectric relaxation behavior by
suppressing electrodes’ polarization effect [25]. Figure
7 (a) and (b) shows the real and imaginary modulus of
different CA concentrations at ambient temperature.
April 2019  Vol. 23  No. 1
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At low frequency, both Figure 7 (a) and (b) demonstrate
that the Mr and Mi value approaches nearly zero. The
long tail at lower frequency indicated a large capacitance
associated with removal of the electrode polarization
effects and a non-Debye behaviour of the alginate-CA
system is confirmed [26]. At higher frequency, AlCA-4
obtained a lower real and imaginary part modulus
curve. From Figure 7, all SBE systems showed peaks in
the electrical modulus formalism with ionic conduction
at higher frequencies [15].
45
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Figure 4. Dielectric Constant for the Alginate-CA SBE
Systems at Ambient Temperature

30

AlCA-4

25

AlCA-5
AlCA-6

20
15
10
5
0
2

3

4

5

6

5

6

Log frequency (Hz)
20

(b)

AlCA-0
AlCA-1
AlCA-2
AlCA-3
AlCA-4
AlCA-5
AlCA-6

18

Figure 5. Dielectric Loss for the Alginate-CA SBE
Systems at Ambient Temperature
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Figure 7. Frequency Dependence of (a) Real Modulus and
(b) Imaginary Modulus for the Alginate-CA
SBE Systems at Ambient Temperature

0.1

4. Conclusions

0.01
300

310

320

330

340

350

360

Temperature (K)

Figure 6. Dielectric Constant for the AlCA-4 SBE System
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Various citric acid compositions using a solid biopolymer
electrolyte (SBE) system based on alginate were
successfully prepared using a casting technique. The
optimum composition for the highest conducting
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sample was 20 wt.% for 5.49 × 10 -7 S cm-1 at 303 K.
Temperature dependence for the alginate-CA SBE
system shows that the ionic conductivity exhibited
Arrhenius behavior. The activation energy was
inversely proportional to the ionic conductivity of the
SBE system, where the highest conducting sample
required a smaller Ea for the transportation of ions.
The dielectric behavior of the acidic dopant systems
confirmed that the conductivity followed the ionic
mobility, suggesting that all SBE systems exhibit nonDebye behavior where non-single relaxation of ions
were observed.

References
[1] A.S. Samsudin, M.I.N. Isa, N. Mohamad. J. Curr.
Eng. Res. 1 (2011) 7.
[2] J.F. Du, Y. Bai, D.A. Pan, W.Y. Chu, L.J.J. Qiao,
Polym. Sci., Part B: Polym. Phys. 47 (2009) 549.
[3] A.S. Khiar, A.K. Arof. Ionics 16 (2010) 123.
[4] A.H. Ahmad, Solid State Phen. Vol. 268. Trans
Tech Publications, Groningen; 2017.
[5] N.N. Mobarak, N. Ramli, A. Ahmad, M.Y.A.
Rahman, Solid State Ionics 224 (2012) 51.
[6] N. Rameshbabu, T.S. Kumar, K.P. Rao, Mater.
Res. Innovations 14 (2010) 45.
[7] F. Parvin, F. Yeasmin, J.M. Islam, E. Molla, M.A.
Khan, Am. Aca. & Scho. Res. J. 5 (2013) 63.
[8] L.F. Wang, S. Shankar, J.W. Rhim, Food Hydrocolloids 63 (2017) 201.
[9] M. Fertah, A. Belfkira, M. Taourirte, F. Brouillette,
Arab J. Chem 10 (2017) S3707.
[10] A. Chandra, J.G.D. Tadimeti, S. Chattopadhyay.
Chin. J. Chem. Eng. 26 (2018) 278.
[11] X. Sun, H. Lu, J.J. Wang, Clean. Produc. 143
(2017) 250.

Makara J. Technol.

[12] Q.L. Jiang, Z.D. Peng, X.F. Xie, D.U. Ke, G.R. Hu,
Y.X. Liu, Trans. Non. Met. Soc. Chin. 21.1 (2011):
127.
[13] A.S. Samsudin, M.I.N. Isa. Int. J. Polymer. Mater.
61 (2012) 30.
[14] N.A. Aziz, N.K. Nik, M.I.N. Isa. Int. J. Phys. Sci. 5
(2010) 748.
[15] A.F. Fuzlin, N.M.J. Rasali, A.S. Samsudin. IOP
Conf. Series: Mater. Sci. Eng. Vol. 342. No. 1. IOP
Publishing, 2018.
[16] L. Othman, K.M. Isa, Z. Osman, R. Yahya, Mater.
Today: Proceedings 4 (2017) 5122.
[17] N.S. Salleh, S.B. Aziz, Z. Aspanut, M.F.Z. Kadir,
Ionics 22 (2016) 2157.
[18] M.N. Chai, M.I.N. Isa. Int. J. Polym. Anal. Charact.
18 (2013) 280.
[19] A.S. Samsudin, E.C.H. Kuan, M.I.N. Isa. Int. J.
Polym. Anal. Charact. 16 (2011) 477.
[20] N.K. Zainuddin, A.S. Samsudin. Makara J. Tech.
21 (2017) 37.
[21] M.I.H. Sohaimy, M.I.N. Isa. Polym. Bull. 74
(2017) 1371.
[22] M.L.H. Rozali, A.S. Samsudin, M.I.N. Isa. Int. J.
Appl. 2 (2012) 113.
[23] N.M.J. Rasali, S.K. Muzakir, A.S. Samsudin.
Makara J. Tech. 21 (2017) 65.
[24] A.S. Samsudin, M.I.N. Isa. Bull. Mater. Sci. 35
(2012) 1123.
[25] K.S. Ngai, S. Ramesh, K. Ramesh, J.C. Juan.
Chem. Phys. Lett. 692 (2018) 19.
[26] M.S.A. Rani, N.A. Dzulkurnain, A. Ahmad, N.S.
Mohamed. Int. J. Polym. Anal. Charact. 20 (2015)
250.

April 2019  Vol. 23  No. 1

