Konya Miihendislik Bilimleri Dergisi, c. 13, s. 3, 880-891, 2025
Konya Journal of Engineering Sciences, v. 13, n. 3, 880-891, 2025
ISSN: 2667-8055 (Electronic)

DOI: 10.36306/konjes.1678776

TAILORING IONIC CONDUCTIVITY OF CHITOSAN FILMS THROUGH CONTROLLED LACTIC
ACID INCORPORATION

L* Doga DOGANAY
! Middle East Technical University (METU), Department of Metallurgical and Materials Engineering, Ankara,
TURKIYE
'doganay@metu.edu.tr

Highlights

e Lactic acid content significantly affects the crystallinity and thermal stability of chitosan films.
e A cost-effective solvent casting method is employed fabricate chitosan films.

e Ionic conductivity of chitosan films increase with increasing lactic acid content.

*Corresponding Author: Doga DOGANAY, doganay@metu.edu.tr



mailto:doganay@metu.edu.tr
mailto:doganay@metu.edu.tr
https://orcid.org/0000-0002-0667-305X

Konya Miihendislik Bilimleri Dergisi, c. 13, s. 3, 880-891, 2025
Konya Journal of Engineering Sciences, v. 13, n. 3, 880-891, 2025
ISSN: 2667-8055 (Electronic)

DOI: 10.36306/konjes.1678776

TAILORING IONIC CONDUCTIVITY OF CHITOSAN FILMS THROUGH CONTROLLED LACTIC
ACID INCORPORATION

L* Doga DOGANAY

! Middle East Technical University (METU), Department of Metallurgical and Materials Engineering, Ankara,
TURKIYE
'doganay@metu.edu.tr

(Received: 17.04.2025; Accepted in Revised Form: 28.06.2025)

ABSTRACT: Chitosan, a biodegradable and biocompatible biopolymer, is widely utilized due to its
excellent film-forming capability and versatile applicability in various industries, including food
packaging, pharmaceuticals, agriculture, and bioelectronics. This study investigates the influence of
lactic acid concentration (2 wt%, 4 wt%, and 6 wt%) on the structural, thermal, and electrochemical
properties of chitosan films. Films were prepared by dissolving chitosan in lactic acid solutions and
casting them via solvent casting. Structural properties were characterized using X-ray diffraction (XRD)
and Fourier transform infrared spectroscopy (FTIR), thermal stability was analyzed by
thermogravimetric analysis (TGA), and electrochemical properties were examined through ionic
conductivity and capacitance measurements. The results reveal that increasing lactic acid concentration
enhances ionic conductivity and areal capacitance of the chitosan films. At the highest lactic acid content
(6 wt%), the films exhibited an ionic conductivity of 2.6 x10*S/cm and an areal capacitance of
7.14 uF/cm? at 100 Hz. The results demonstrate the high potential of chitosan films for use in flexible
energy storage systems, capacitive sensors and implantable bioelectronic devices.
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1. INTRODUCTION

Chitosan, a versatile biopolymer derived through the deacetylation of chitin, has attracted
significant attention due to its outstanding biocompatibility, biodegradability, and antimicrobial
properties. Chitin, primarily sourced from the exoskeletons of crustaceans, is the second most abundant
natural polymer after cellulose [1]. The transformation of chitin into chitosan imparts unique and
desirable properties such as bioadhesion, film-forming capability, and antibacterial activity, making it
suitable for diverse applications across several industries, including pharmaceuticals, food packaging,
water treatment, agriculture, textile, cosmetics, and biomedical engineering [2]. In the pharmaceutical
industry, chitosan has been extensively utilized due to its compatibility with biological systems. Its
unique ability to form hydrogels and nanoparticles facilitates controlled drug release, enhancing its
effectiveness as a drug delivery system [3], [4]. Additionally, chitosan’s natural antimicrobial properties
and ability to stimulate wound healing processes have significantly advanced its use in therapeutic
applications, such as wound dressings, sutures, and implant coatings [5]. These applications exploit
chitosan's intrinsic capability to support cell adhesion, proliferation, and tissue regeneration. Within the
food industry, chitosan-based materials have emerged as a promising solution for packaging and
preservation due to their antimicrobial activity and barrier properties against oxygen and moisture [6],
[7], [8]. These films help extend shelf life and maintain product quality, aligning with consumer
preferences for natural, non-toxic, and biodegradable packaging materials. Additionally, chitosan films
demonstrate substantial potential in agriculture, where they serve as bio-based coatings on seeds,
enhancing germination rates, improving nutrient uptake, and providing protection against pests and
pathogens [9].

In the field of electronics, chitosan has emerged as a promising material as active layers and
substrates due to its inherent ionic conductivity, and the ability to form versatile thin films and
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hydrogels [10], [11]. Chitosan-based bioelectronic devices can effectively interface with biological tissues,
facilitating the transduction of biological signals into electronic signals [12]. Its proton-conducting ability
and responsive properties to environmental stimuli such as pH, temperature, and humidity have led to
its incorporation into sensors, actuators, and wearable electronic devices [13], [14], [15]. Furthermore, the
biodegradability and biocompatibility of chitosan enable its use in implantable electronics, where it not
only supports long-term biocompatibility but also minimizes adverse inflammatory responses [12]. The
integration of chitosan into bioelectronic platforms thus represents an innovative step forward, opening
avenues for advanced medical diagnostics, therapeutics, and personalized healthcare applications.

Chitosan is frequently processed into film form due to its advantageous for various applications
requiring thin, flexible, and durable materials. Typically, these films are produced by dissolving chitosan
in an acidic aqueous medium, a process that protonates the amino groups and enhances solubility,
facilitating uniform film formation [16]. The type and concentration of acid significantly affect the
resulting films' physicochemical characteristics. Acetic acid has conventionally been the solvent of choice
due to its effectiveness in dissolving chitosan and producing mechanically robust films [17], [18].
However, its use in high concentrations poses considerable environmental concerns, such as corrosion of
processing equipment and toxicity challenges, leading researchers to seek alternative acids [19], [20].
Lactic acid has emerged as a particularly promising alternative solvent due to its inherent plasticizing
effects, which enable the production of films with enhanced flexibility and mechanical resilience films
[21], [22], [23]. Its biodegradability and lower environmental impact further enhance its appeal for
sustainable material production. Moreover, lactic acid's structural and chemical compatibility with
chitosan allows the formation of homogeneous and structurally stable films that exhibit superior
plasticity compared to those prepared with acetic acid [17]. While previous studies have extensively
explored the influence of lactic acid concentration on the mechanical, thermal, and permeability
properties of chitosan films, the electrochemical aspects remain relatively understudied. Electrochemical
properties, such as ionic conductivity, dielectric constant, and capacitance, are crucial for the
applicability of chitosan films in advanced technological domains, including energy storage devices,
capacitive sensors, wearable electronics, biosensors, and implantable biomedical devices. Enhanced ionic
conductivity and capacitance are particularly desirable for the development of flexible and efficient
energy storage systems and sensors. Room-temperature ionic conductivities in the range of 10-5-10~
S/cm are generally considered sufficient for flexible polymer gel electrolytes used in low-power devices
such as wearable electronics, sensors, and thin-film systems [24], [25].

This study aims to systematically investigate the effects of varying lactic acid concentrations (2 wt%,
4 wt%, and 6 wt%) on the structural, thermal, and specifically electrochemical
properties of chitosan films. These films are produced using a solvent casting method, an economical
and widely accepted technique. Characterization techniques, including X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA), are employed to
evaluate the structural integrity and thermal stability of the films. Additionally, electrochemical
analyses, encompassing ionic conductivity and capacitance measurements, provide detailed insights into
the electrical performance of the films. This study investigates how different concentrations of lactic acid
influence the electrochemical properties of chitosan films. By clarifying the relationship between
structural, thermal, and electrochemical characteristics, the research provides practical insights for
optimizing chitosan-based materials. These findings can directly support the development of improved
electrochemical applications, including energy storage devices, capacitive sensors, wearable electronics,
and implantable biomedical devices thus contributing to advancements in sustainable and eco-friendly
material technologies.

2. MATERIAL AND METHODS
2.1. Materials

Chitosan powders (medium molecular weight, >75% deacetylated) and Lactic Acid (DL-Lactic Acid
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90% (T)) were purchased from Sigma Alldrich. Deionized (DI) water with a resistivity of 18.2 Mohm.cm
was used. Acetone (99.8%), ethanol (98.85%) was purchased Sigma-Aldrich.

2.2, Preparation of Chitosan Films

All glassware was sonicated in acetone, ethanol and DI water for 10 minutes, respectively, and dried
in an oven at 100 °C before the experiment. Schematic representation of the preparation steps of chitosan
films is provided in Figure 1. 400 mg of Chitosan powders were dissolved in 20 ml lactic acid DI water
solution with different lactic acid concentrations (2 wt%, 4 wt% and 6 wt%). Mixtures were stirred at
40°C overnight. The solution was centrifuged at 7000 rpm for 10 minutes to separate insoluble chitosan
powders. 15 grams of each solution were cast into glass petri dishes with a diameter of 4 cm. Excess
water in the solution was removed by keeping the petri dishes in a vacuum oven at 40°C overnight.
Then Chitosan films were carefully removed from the petri dishes for further characterizations.

2 wt%, 4 wt% and 6
wt% Lactic Acid/DI

x

_ —
0By . @ =
(E—

Figure 1: Schematic representation of the preparation stages of chitosan films.

Chitosan Powder

2.3. Characterizations

Crystal structures of the chitosan films were investigated via XRD analysis were conducted via
Bruker D8 Avance using Cu-Ka radiation (0.153nm) operating between 0-40° at a scanning speed of 0.2
omin. The crystallinity index (CrI) of chitosan powder and chitosan films fabricated with different lactic
acid concentrations was calculated using the Segal method [26]:

(200) — Iam

l
crl (%) = x 100

(200)

where 1(200) is the maximum intensity of the (200) diffraction peak at 20=20.2° and I, is the
intensity of the amorphous region at 20=16°.

Fourier transform-infrared (FTIR) spectroscopy was caried out by attenuated total reflectance (ATR)
unit of FTIR spectrometer (Shimadzu IRTracer™-100) with a resolution of 4 cm! within a wavenumber
range of 400-4000 cm'. Thermal degradation characteristics of the chitosan films were investigated via
thermogravimetric analysis (TGA). TGA was performed using Exstar SII TG/DTA 7300 system under
nitrogen atmosphere with a temperature increment rate of 10 °C/min within the temperature range of 30-
550 °C. In XRD analysis, FTIR spectroscopy, and TGA, chitosan powders were used as received without
any further processing for comparison with chitosan films fabricated with different lactic acid
concentration.

Electrochemical impedance spectroscopy (EIS) measurements were conducted using an HP 4194A
Impedance/Gain-Phase Analyzer in the frequency range of 100 Hz to 15 MHz. Circular cut films were
placed between two stainless steel flat electrodes in a parallel plate configuration to ensure uniform



Tailoring Ionic Conductivity of Chitosan Films Through Controlled Lactic Acid Incorporation 883

contact and minimize interface resistance. The contact area was precisely defined as 0.5 c¢cm? for
conductivity calculations, and film thickness was measured using a micrometer. All impedance
measurements were performed at room temperature (22+2°C) under ambient conditions (relative
humidity ~50%) without active environmental control. The setup was allowed to thermally equilibrate
before each measurement to ensure reproducibility.

3. RESULTS AND DISCUSSION

The wide-angle X-Ray diffraction patterns of the chitosan powder and chitosan films fabricated with
different lactic acid concentrations are provided in Figure 2 (a). Pure chitosan has an orthorhombic unit
cell with a=8.129 A, b=8.347 A and ¢=10.311 A [27]. Two broad characteristic peaks can be observed at 20
= 9.7° and 20.2°. The peak at 20 = 9.7° is assigned to (100) crystalline plane and associated with the
hydrated crystals of low crystallinity described as crystal form I [28], [29]. The peak at 20 = 20.2° is
assigned to (200) plane which is described as crystal form II [29]. Chitosan films prepared with different
lactic acid concentrations show similar XRD patterns. The peak at 20 = 9.7° completely disappears for
each lactic acid concentration. Intensity of the peak at 20 = 20.2° decreases and becomes broader with
lactic acid addition. Crystallinity index (Crl) of chitosan powder and chitosan films prepared with 2%
wt. 4% wt. and 6% lactic acid solutions were calculated as 64%, 43%, 41% and 37%, respectively. These
results indicate that lactic acid addition decreases crystallinity of chitosan. Similar XRD patterns were
also observed in the literature for chitosan films fabricated with lactic acid [23], [30], [31].

FTIR spectrum of pure chitosan powder and chitosan films prepared with different lactic acid
concentrations is provided in Figure 2 (b). Distinctive IR bands for pure chitosan powder are obtained at
1024 cm? and 1058 cm? (asymmetric and symmetric stretching of C-O (from ring)), 1150 cm
(asymmetric vibrations of C-O (from glycosidic linkage)) [32], 1371 cm! (bending vibration of C-H from
amide group) [33], 1560 cm! (bending vibration of N-H from amide group) [33], 1645 cm! (stretching
vibration of C=O from amide I) [34], 2870 cm (symmetric and asymmetric stretching of C-H from ring
CH:0H and CHs groups) [35], 3350 cm! (symmetric stretching of N-H), and broad band between 3000-
3700 cm (stretching vibrations of OH groups) [36]. Distinctive IR bands of lactic acid were observed for
the chitosan film samples fabricated with different lactic acid concentrations at 1122 cm™ and 1720 cm.
The peaks at 1122 cm! and 1720 cm™ are assigned to C-O stretching of the secondary alcohol and C=O
stretching of the carboxylic acid, respectively. The relative intensities of these peaks increase as the lactic
acid concentration increases as expected. The position of the 1560 cm™ peak assigned to the N-H bond
shifted after the addition of lactic acid, as shown in Figure 2 (b). This peak was positioned at 1560 cm!
for chitosan powder and shifted to 1564 cm, 1571 cm and 1573 cm when lactic acid concentration was
2 wt %, 4 wt % and 6 wt %, respectively. The peak shift has been also reported in the literature [31], [37],
[38], [39]. It was attributed to interaction between amine groups in chitosan and carboxylic groups in
lactic acid as the result of protonation.

TGA and DTG results of chitosan powder and chitosan films fabricated with different lactic acid
concentrations between 35 °C and 550 °C are provided in Figure 3 (a) and (b), respectively. Two stage
decompositions were observed for chitosan powder. In the initial stage, a weight loss of 8% occurs
between 35 °C and 150 °C. This weight loss was attributed to loss of absorbed and bounded water [40],
[41]. A sharper weight loss corresponding to decomposition of chitosan backbone is observed between
250 °C and 450 °C with its maximum rate at 300 °C [42], [43]. The temperature for maximum
decomposition rate for chitosan films decreases from 300 °C to 288 °C. This decrease can be explained by
the transformation of chitosan from crystal to amorphous structure with the addition of lactic acid as
observed in XRD patterns. Unlike chitosan powder, a third decomposition step having maximum rate at
around 190 °C is observed for chitosan films prepared with different lactic acid concentrations. The step
is attributed to the decomposition of lactic acid [44]. Intensity of the peak increases with increasing lactic
acid concentration as observed in Figure 3 (b) as expected.
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Figure 2: (a) X-ray diffraction patterns of chitosan powders and chitosan films prepared from acidic
solutions with 2 wt%, 4 wt% and 6 wt% lactic acid concentrations. (b) FTIR spectra of chitosan powders
and chitosan films prepared from acidic solutions with 2 wt%, 4 wt% and 6 wt% lactic acid
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Figure 3: (a) TGA curves and (b) DTG curves (first derivative of weight % with respect to time) of
chitosan powders and chitosan films prepared from different acidic solutions with 2%, 4% and 6% lactic
acid concentrations.

Electrochemical characterizations of the chitosan films have an importance in understanding the
effect of lactic acid concentration on the chemical structure. Complex impedance spectroscopy has been
conducted to figure out structural properties of the chitosan films prepared with different acidic
solutions. The results of impedance spectroscopies of chitosan films prepared with different lactic acid
concentrations are provided in Figure 4 (a) and (b). The impedance of chitosan films decreases upon
increasing lactic acid concentration, as evidenced by the smaller semicircle observed from Nyguist plots.
The end of the semi-circle at high frequencies is called bulk resistance, while the spikes at low
frequencies correspond to the electrode polarization between chitosan films and metal contacts.

Ionically conductive behavior of chitosan films fabricated with different acidic solutions were
previously reported [11]. The intrinsic ionic conduction of chitosan films was attributed to the free
hydroxide ions formed as the result of the protonation reaction between amino groups and acids.
Chitosan, in its native form and in the absence of redox-active dopants or conductive fillers, functions as
a proton-conducting biopolymer with negligible intrinsic electronic conductivity. Therefore, the overall
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conductivity observed in this study can be reasonably attributed to ionic transport mechanisms,
although a minimal electronic contribution cannot be entirely excluded under ambient conditions. Ionic
conductivities of chitosan films prepared from acidic solutions with 2%, 4% and 6% lactic acid
concentrations are provided in Figure 4 (c). The following equation was used to calculate ionic
conductivities from the bulk resistance value obtained from Nyguist plots:

§=—=
R, S

where 6 is ionic conductivity, R» is bulk resistance, d is the thickness of the film S is the contact area.
Ionic conductivities of chitosan films prepared from acidic solutions with 2 wt%, 4 wt% and 6 wt% lactic
acid concentrations calculated as 4.8*107 S/cm, 5.6*105 S/cm and 2.6*10 S/cm, respectively. There are
two possible reasons for the increase in ionic conductivity. Firstly, increasing the acid concentration
enhances the protonation of chitosan's amino groups (-NH,), leading to the formation of -NHs* moieties
through acid base interactions as show in the literature [45]. This protonation process increases the
overall density of mobile charge carriers within the polymer matrix, as each protonated amine group
contributes to the ionic transport mechanism via mobile protons. As previously discussed in the FTIR
analysis (Figure 2b), the systematic shift of the N-H bending peak with increasing lactic acid
concentration supports this interpretation by indicating progressive protonation. Consequently, higher
acid concentrations result in an elevated concentration of free ions capable of participating in charge
conduction. Moreover, the reduction in crystalline with increasing lactic acid concentration, as
previously shown in the XRD analysis (Figure 2a), facilitates greater segmental mobility of the chitosan
chains and charge carriers and contributes to the observed enhancement in ionic conductivity.

The areal capacitances of chitosan films produced from different lactic acid solutions were also
investigated for use in applications like capacitive sensors, energy storage devices. Broadband areal
capacitance measurements were conducted for this purpose as its results are provided in Figure 4 (d).
The areal capacitances are highly dependent on the lactic acid concentration. Polar ends of protonated
chitosan chains and charge carriers are randomly oriented when there is no electric field applied on. On
the other hand, the applied electric field aligns the polar ends and charge carriers through the field
direction. At high frequency, polar ends and charge carriers cannot align rapid enough through the field
direction. At low frequency, polar ends and charge carriers have enough time to travel macroscopic
distance to align themselves through the field direction that causes an accumulation at the interface. This
frequency dependent capacitance change by double layer formation near the electrode surface is often
described as electrode polarization or Maxwell-Wagner-Silliars interfacial polarization. The areal
capacitances at 100 Hz were measured as 0.026 pF/cm?, 3 uF/cm? and 7.14 pF/cm? for the chitosan films
prepared with lactic acid concentration of 2%, 4% and 6%, respectively. This increase in areal capacitance
with increasing lactic acid concentration was attributed to the same reasons discussed for the increase in
ionic conductivity.

Table 1 provides a comparative overview of the ionic conductivity, areal capacitance, and
application areas of gel electrolytes based on various biopolymers reported in the literature. While
battery-oriented systems such as those using cellulose/LiPFs or chitosan/ZnSOy tend to deliver higher
ionic conductivities (reaching up to 7.2 x10'S/cm), many chitosan-based formulations demonstrate
conductivity values in the 10~ to 103 S/cm range. These are comparable to the performance observed in
the present study. Specifically, the ionic conductivity of 2.6 x10#S/cm achieved using lactic-acid-
modified chitosan films aligns with values reported for similar systems, including
chitosan/polyacrylamide (11 x 10 S/cm) and hydroxyethyl cellulose/glycerol (99 x 10*S/cm), which are
employed in supercapacitors and pressure sensors. With respect to areal capacitance, the measured
value of 7.14 uF/cm? is closely approaching or surpassing those of other biopolymer-based gels such as
hydroxyethyl cellulose/glycerol (12 uF/cm?) and P(HEMA)/cellulose (3.2 pF/cm?). This performance
highlights the suitability of the developed films for use in flexible dielectric interfaces and capacitive
sensing technologies. A notable advantage of this work lies in its reliance on naturally derived, non-toxic
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ingredients namely chitosan and lactic acid. In contrast to conventional gel electrolytes incorporating
LiPF¢, ZnSO,, or synthetic ionic liquids, the absence of hazardous species in this formulation enhances its
compatibility with biomedical and environmentally sensitive applications, where non-toxicity and
sustainability are essential.

Table 1. Ionic conductivity and areal capacitance values of various biopolymer gel electrolytes used in
electrochemical energy storage and sensing applications.

Ionic Areal
Polymer Electrolyte Conductivity Capacitance Application Ref
S/cm1 uF/cm?
Cellulose LiPFs 281104 Li Based [46]
Batteries
H 1 hyl LiB
ydroxypropyl methy LiPFs 38+10-4 i as.ed (47]
cellulose Batteries
Chitosan ZnSO 72004104 ZnBased )
Batteries
Silk Fibroin Choline 340*10+ Mg Based [49]
nitride Batteries
Chitosan/Polyacrylamide HsPOu 11*10+ Sup.er [50]
Capacitors
Algi
Na Alginate/ Na:SOx 5010+ Super [51]
Polyacrylamide Capacitors
Capacitive
Hydroxyethyl NaCl 99410+ 12 Pressure [52]
cellulose/Glycerol
Sensors
Capacitive
P(HEMA)/Cellulose [EMIM][OTF] 3.2 Pressure [53]
Sensors
Chitosan Lactic Acid 2.6*10+ 7.14 This
Work

The variation in lactic acid concentration significantly influenced the structural, thermal, and
electrochemical properties of the chitosan films, offering valuable insights into their potential for
practical applications. In particular, the electrochemical characteristics, namely ionic conductivity and
areal capacitance exhibited a clear dependence on lactic acid content, indicating that these films are
promising candidates for use in electrochemical devices. These findings contribute to a deeper
understanding of chitosan-based systems and establish a foundation for future efforts to optimize their
performance for targeted applications. It is important to note that the ionic conductivity of chitosan films
is strongly affected by ambient humidity, as water molecules act both as plasticizers and ion transport
facilitators within the polymer matrix. Previous studies on chitosan-based sensors have reported
conductance variations of up to four orders of magnitude as relative humidity increased from 10 % to
90 % RH, highlighting the substantial role of environmental moisture in modulating ionic conductivity
[54]. In our study, impedance measurements were carried out under ambient laboratory conditions
(~50 % RH); however, systematic humidity control was not implemented. Future investigations should
explore the impact of controlled humidity environments to better elucidate ion transport mechanisms
and to assess the suitability of these films in variable ambient conditions particularly for wearable or
implantable devices. Further research should also examine the long-term stability, mechanical
robustness, and biocompatibility of these films to fully realize their potential in applications such as
biomedical devices, electrochemical sensors, and energy storage systems.
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Figure 4: (a) Nyquist plots of chitosan films prepared from different acidic solutions with 2%, 4% and 6%
lactic acid concentrations and (b) Nyquist plot of the chitosan films prepared with 4% and 6% lactic acid
solutions. (c) Ionic conductivity measurements and (d) Areal capacitance measurements of chitosan
films prepared with 2% wt. 4% wt. and 6% lactic acid solutions.

4. CONCLUSIONS

This research demonstrated that varying lactic acid concentrations significantly influence the
structural, thermal, and electrochemical properties of chitosan films. The increase in lactic acid
concentration reduced the crystallinity of the chitosan films, as confirmed by X-ray diffraction analysis.
FTIR results indicated stronger interactions between chitosan and lactic acid with increasing acid
concentration, leading to shifts in characteristic IR bands of N-H bond positioned around 1560 cm-.
Thermogravimetric analysis revealed that higher concentrations of lactic acid lowered the
decomposition temperature of the chitosan films, indicating decreased thermal stability. The maximum
decomposition rate of pristine chitosan powder occurred at approximately 300 °C, whereas chitosan
films processed with lactic acid solutions exhibited a decreased peak at 288 °C. Increasing lactic acid
concentration did not result in a significant shift in the peak decomposition temperature.
Electrochemical characterization revealed a pronounced enhancement in both ionic conductivity and
areal capacitance of chitosan films with increasing lactic acid concentration in the precursor solution.
The ionic conductivity values of the films prepared with 2 wt%, 4 wt%, and 6 wt% lactic acid were
determined to be 4.8 x 107 S/cm, 5.6 x 10 S/cm, and 2.6 x 104 S/cm, respectively. Correspondingly, the
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areal capacitances measured at 100 Hz were 0.026 pF/cm?, 3.00 uF/cm?, and 7.14 uF/cm? for films
fabricated with 2%, 4%, and 6% lactic acid, respectively. These results highlight the efficacy of lactic acid
as a green processing agent, enabling the fabrication of chitosan-based films with tunable
electrochemical performance. Such films exhibit significant potential for integration into energy storage
platforms, capacitive sensing technologies, wearable electronics, and implantable biomedical systems.
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