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ABSTRACT: Biodegradable plastics are types of plastics that can decompose into water and carbon dioxide the actions
of living organisms, mostly by bacteria. Generally, biodegradable plastics are obtained from renewable raw materials,
microorganisms, petrochemicals, or a combination of all three. This study aims to develop an innovative bioplastic
by combining chitosan and lignin. Bioplastic was prepared by casting method and characterized by measuring the
mechanical properties like tensile strength, Young’s modulus, and elongation at break. The chemical structure, together
with the interactions among chitosan and lignin and the presence of new chemical bonds, were evaluated by FTIR,
while the thermal properties were assessed by thermogravimetric analysis. The water vapor permeability, tests and
transparency as well as biodegradability, were also carried out. The results show a tensile strength value of 34.82 MPa,
Young’s modulus of 18.54 MPa, and elongation at a break of 2.74%. Moreover, the interaction between chitosan and
lignin affects the intensity of the absorption peak, leading to reduced transparency and increased thermal stability. The
chitosan/lignin interactions also influence the crystalline size, making it easier to degrade and more flexible rather than
rigid. The contact angle shows the bioplastic’s ability to resist water absorption for 4 minutes. In the biodegradation test,
the sample began to degrade after 30 days of soil burial test observation.

KEYWORDS: Bioplastic; chitosan; lignin; acetic acid; biodegradable; organic acid; active properties

1 Introduction

Environmental health plays a crucial role in enhancing human life, as the cleanliness of our surround-
ings directly influences our quality of life. One of the causes of environmental pollution is the large amount
of accumulated plastic waste, which is difficult to decompose [1]. The use of plastic in daily life is very
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widespread, such as in the production of various soft or hard materials, including household appliances, and
food packaging. Plastic waste is a serious and complex environmental problem that requires cooperation
between various parties to address and resolve it. However, owing to their chemical stability and inability
to break down naturally in the environment, plastic materials derived from petroleum-based products
have severely contaminated the environment when utilized on a large scale [2]. In response to the yearly
increase in plastic waste, alternative packaging materials made from renewable sources that decompose
naturally (biodegradable) are receiving increasing interest. Biopolymers can provide a sustainable substitute
for nonbiodegradable plastics in the development of natural and eco-friendly materials [2]. Examples of
biodegradable biopolymers as substitutes for synthetic polymers include polysaccharides such as cellulose,
chitosan, starch, and agar; proteins such as casein; and complex organic polymers such as lignin [3-7].

Chitin is a primary component of cell walls in fungi and in the exoskeletons of arthropods, such as
crustaceans and insects [8]. Commercially, chitin is extracted from the shells of crabs, shrimp, shellfish, and
lobsters, which are all byproducts of the seafood industry [8]. Chitosan is obtained by the deacetylation of
chitin, which is the second most abundant polysaccharide in nature (after cellulose), with a global production
of approximately 10'°-10'? tons per year [8]. Chitosan has several qualities, including film formation,
biocompatibility, biodegradability, and antibacterial and antioxidant properties [9-11]. Owing to the presence
of amino groups, chitosan may be easily chemically modified to obtain various derivatives. In addition, it
combines well with other biopolymers, including lignin, providing a substitute to replace synthetic polymers,
especially in the food packaging industry [9,12]. In fact, it can appropriately generate strong oxygen barriers
and translucent, resilient films [13].

Chitosan-based bioplastics are promising sustainable alternatives to current food packaging meth-
ods [12]. Chitosan has been utilized to enhance the bioactive and barrier characteristics of films or
polymers [14]. However, bioplastics based on chitosan alone have low mechanical properties and thermal
stability [15]. To obtain more favorable physicochemical qualities, chitosan is frequently blended with
starch [16]. For example, Albar et al. [17] integrated chitosan into Malaysian cassava (Manihot esculenta)
starch, resulting in a bioplastic with enhanced compressive and tensile strength, along with better water
resistance. In addition, chitosan alone cannot be heat-sealed or extruded like conventional packaging
materials, which limits its workability and scaling production potential [18]. Therefore, blending of chitosan
and thermoplastic starch is vital for improving the workability of chitosan-based plastics, allowing for
thermocompression, blown extrusion, and melt extrusion, thus promoting scaling production potential for
food packaging [19].

However, despite offering several advantages, chitosan-starch-based bioplastics have several drawbacks,
such as poor mechanical strength and water vapor permeability [20,21]. Both of these drawbacks limit its
effectiveness in certain applications, particularly food packaging. Therefore, other biodegradable materials,
such as lignocellulosic materials, can be blended with chitosan to overcome the abovementioned limitations.
Lignocellulosic materials have been used as feedstocks for bioplastic preparation [22]. Lignin is the second
most abundant aromatic biopolymer in the cell walls of lignocellulosic biomass (15%-35%). It can be
produced in large quantities as a byproduct in the biorefinery and pulp and paper industries through
various processes [23,24]. Indonesia is the world’s largest supplier of Acacia fibers, and the majority of the
country’s pulp and paper sector uses this wood as a feedstock for short fibers. This species produces a
significant amount of wood due to its rapid growth and status as a nitrogen-fixing tree [1]. Black liquor is
also produced because of a lignin-rich pulping process [22]. Therefore, effectively utilizing these resources
would be beneficial for a sustainable future.

Lignin has a complex chemical structure with methoxyl, carbonyl, carboxyl, and hydroxyl groups,
which are responsible for some of the main properties of lignin, such as antimicrobial, antioxidant, and UV
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barriers [10,11,25,26]. Lignin can act as a green filler to improve the mechanical properties of a polymer [24].
However, research on chitosan-lignin-based bioplastics is rather limited. Rosova et al. [9] mixed chitosan
dissolved in acetic acid with lignin, producing bioplastics with better thermal stability and tensile strength
than those based only on chitosan. Similarly, Agustiany et al. [27] blended lignin from oil palm empty fruit
bunches (OPEFBs) with chitosan dissolved in acetic acid. This produced a biofilm with improved mechanical
and antioxidant properties that completely decomposed in the soil in just seven days.

In addition to blending between chitosan and lignin, polyvinyl alcohol (PVA) can also be added to
improve the physiochemical properties of bioplastics. By improving the matrix properties of the composite
system, PVA and chitosan may be combined to generate a matrix. Integration with PVA can improve the
drawbacks of chitosan, including its restricted surface area, poor thermal and mechanical capabilities, ability
to dissolve in acidic conditions, and increased price. PVA is a water-soluble semicrystalline synthetic polymer
with hydrophilic properties that are similar to those of chitosan because of the presence of OH groups,
chemical resistance, good mechanical properties, high biocompatibility, biodegradability, nontoxicity, water
solubility, and effective film-forming capabilities with notable mechanical strength [28]. Among the chitosan-
PVA films, PVA is responsible for good flexibility, and the films have outstanding UV resistance, high thermal
stability, and unique shapes [29-31]. In this research, we developed chitosan/PVA/lignin bioplastics, taking
into account the benefits of integrating PVA into chitosan as a matrix through polymer blending [30] and
using lignin as a filler to add active properties such as UV shielding and to improve the hydrophobicity of
bioplastics. The dissolution of chitosan in various types of acids, such as acetic acid, lactic acid, and citric
acid, has shown great potential in the development of bioplastics [32]. Therefore, in this study, various types
of solvents for dissolving chitosan were evaluated. The chitosan/PVA/lignin biofilms were characterized in
terms of their mechanical, physical, and biodegradability properties as well as their UV shielding ability
and water vapor transmission rate, and the results were compared with those of pure chitosan bioplastics to
demonstrate the advantages reported for lignin and PVA.

2 Materials and Methods
2.1 Materials

Chitosan from shrimp shells with an 80% degree of deacetylation was obtained from the University of
Padjajaran, Bandung, Indonesia. The Acacia mangium black liquor used for lignin extraction was obtained
from the pulp and paper industry (PT TELPP) in Palembang, South Sumatera Province, Indonesia. Acacia
mangium kraft lignin with a purity of 82.66% (isolated by hydrochloric acid precipitation as reported by Falah
et al. 2022 [33]), acetic acid, polyvinyl alcohol, and ethanol were purchased from Merck KGaA (Darmstadt,
Germany). All the chemicals were of analytical grade and were used without any refinement.

2.2 Preparation of Chitosan/Lignin Bioplastics

The bioplastics were prepared following the method reported by Crouvisier-Urion et al. [13], with
modifications related to the matrix and lignin types. Each treatment was assigned a code: chitosan with
an acidic aqueous solution called formula 1 with lactic acid concentrations of 1%, 2%, and 3%; acetic acid
concentrations of 1%, 2%, and 3%; citric acid concentrations of 1%, 2%, and 3%; and PVA with concentrations
of 1%, 2%, and 3%. The preparation for making the casting films was as follows: a chitosan film was formed
by dispersing 2% (w/w) chitosan in an aqueous solution (28 mL) of lactic acid at concentrations of 1%,
2%, and 3%; acetic acid at concentrations of 1%, 2%, and 3%; citric acid at concentrations of 1%, 2%, and
3%; and stirring at 350 rpm for 24 h. For PVA solution film preparation (28 mL), 2% chitosan in aqueous
solution was prepared and then mixed with a (1%, 2%, 3%) PVA aqueous solution and left under magnetic
stirring at 350 rpm for 24 h. The lignin solution (12 mL) was prepared by dispersing lignin in ethanol
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(1.38% w/w) with stirring at 350 rpm for 24 h. Afterward, the composite film-forming solution, made from
these two dispersions (chitosan/PVA solution and lignin dispersion), was obtained by mixing them to reach a
water/ethanol ratio of 70:30 (w/w). Then, 40 mL of this final forming solution was poured into a polystyrene
Petri dish with a diameter 0of13.5 cm and dried at room temperature. The film is then peeled off from the Petri
dish and stored at room temperature (~25°C-27°C) for further analysis. A flow diagram of the preparation
of the bioplastic casting film is shown in Fig. 1. The pH of the formed solution was analyzed with a pH meter,
and the values are recorded in Table 1.
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Figure 1: Flow diagram for the preparation of chitosan-lignin bioplastic

Table 1: Physical appearance of chitosan/lignin bioplastic and its pH in various solvent types and concentrations

No. Treatments  Final pH Images Physical Suitable for
appearance further testing
(Yes/No)
1 Chitosan 3.37 Thin film, No
(lactic acid homogeneous,
1%) + lignin attached to the
petri dish (hard to
remove)

(Continued)
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Table 1 (continued)

No. Treatments  Final pH Images Physical Suitable for
appearance further testing
(Yes/No)
2 Chitosan 3.61 Thin film, No
(lactic acid homogeneous,
2%) + lignin attached to the
petri dish (hard to
remove)
3 Chitosan 3.82 Film is easily torn, No
(lactic acid sticky,
3%) + lignin nonhomogeneous,
and has a smooth
texture
4 Chitosan 3.74 Thin film, No
(acetic acid homogeneous,
1%) + lignin attached to the
petri dish (hard to
remove)
5 Chitosan 413 The film is not very No
(acetic acid homogeneous,
2%) + lignin brittle with the
presence of cracks,
smooth texture
6 Chitosan 5.02 The film is elastic, Yes
(acetic acid homogeneous, and
3%) + lignin has a smooth
texture
7 Chitosan 3.36 The film is not No
(citric acid homogeneous,
1%) + lignin rough surface, and
is attached to the
petri dish (hard to
remove)

(Continued)
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Table 1 (continued)

No. Treatments  Final pH Images Physical Suitable for
appearance further testing
(Yes/No)
8 Chitosan 3.53 This film, No
(citric acid homogeneous,
2%) + lignin attached to the
petri dish (hard to
remove)
9 Chitosan 3.85 The film is brittle No
(citric acid with the presence
3%) + lignin of cracks,
homogeneous,
smooth texture
10 Chitosan 6.04 Film is elastic, has Yes
(PVA 1%) + low homogeneity,
lignin rough surface
texture
11 Chitosan 6.75 The film is stiff, No
(PVA 2%) + and
lignin nonhomogeneous,
with cracks and
rough texture
12 Chitosan 6.84 Film is stiff, brittle, No
(PVA 3%) + nonhomogeneous,
lignin and rough texture

The resulting film was selected on the basis of its pH range of 4-6 [32,34] and physical appearance,
including elastic, unbroken, nonsticky, and compact [9], and then its mechanical strength was tested via
tensile tests, Young’s modulus, and elongation at break. The film has the most favorable result from the tensile
test, which was chosen for additional examination. To investigate and define the impact of lignin addition
on the characteristics and qualities of the bioplastic, the results were compared with those related to a pure

chitosan film.
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2.3 Characterization of Chitosan/Lignin-Based Bioplastics
2.3.1 Mechanical Tests of Bioplastics

The tensile strength test of the chitosan/lignin bioplastic was conducted according to ASTM D 882-
02 [35]. The sample, in the form of a sheet with a width of 2.5 cm, was tested via a universal testing machine

(AGS-X 10 kN, Shimadzu, Japan) and stretched at a speed of 30 mm/min at a pressure of 5 kN until the film
broke. The tensile strength and percentage of elongation (% E) were determined via Eqs. (1) and (2):

o= ey

oF = AL (2)
0 = Ll

where o is the tensile strength (MPa), F is the tensile force (N), A is the cross-sectional area (mm?), %E is

the percentage of elongation (%), AL is the elongation (mm), and L, is the initial length (mm).

For the calculation of the Young’s modulus, the following equation was used:

F><L1
Ax AL

Young's modulus (Pa) = 3)

where AL (mm) was obtained from the tensile test.

2.3.2. Fourier Transform Infrared (FTIR) Analysis of Bioplastics

The functional groups on the bioplastics were evaluated via FTIR (Perkin Elmer, USA) with the universal
attenuated total reflectance (UATR) technique. The IR spectrum was recorded in adsorption mode with 16
scans, a spectral resolution of 4.0 cm™, and a wavenumber range of 4000-400 cm™ at room temperature via
Spectrum software (Perkin Elmer, USA).

2.3.3 Thermogravimetric Analysis of Bioplastics

In accordance with Suryanegara et al. [36], the chitosan/PVA/lignin film was subjected to thermogravi-
metric analysis (TGA 4000 Perkin Elmer, Waltham, MA, USA) in accordance with ASTM E1131, which
measured the thermal weight loss of the bioplastic. The temperature ranged from 20°C to 600°C with a
heating rate of 10°C/min under a nitrogen flow. The weight loss percentage was calculated via the following
formula:

(‘/Vinitial - Wfinal)
Winitial

Weight Loss (%) = x 100% (4)

where Wiyisia1 = the initial weight (mg) and W, = the weight (mg) at a certain temperature.

2.3.4 Water Vapor Transmission Rate and Water Vapor Permeability Analysis of Bioplastics

The water vapor transmission rate (WVTR) and water vapor permeability (WVP) were calculated via
the cup method, which is based on ASTM E 95-96 1995, as reported by Suryanegara et al. [36]. The WVTR
and WVP for each sample were measured in triplicate, and the water mass loss was evaluated at 5-min
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intervals until a steady state was reached, which occurred after 24 h. The WVTR and WVP values can be
calculated via Eqs. (4) and (5) as follows:

flux

WVTR = ———— (5)
surface area
WVTR xd
wyp= %4 (6)
S x (Rl - Rz)

where WVTR is the water vapor transmission rate (gs'm™2), WVP is the water vapor permeability
(gs 'm™'Pa™!), the flux is the slope of the linear regression, d is the film thickness (m), S is the saturated air
pressure at 37°C (6266.134 Pa), R, is the relative humidity (RH) in the Petri dish (100%), and R; is the RH at
37°C (81%).

2.3.5 Spectrophotometer Ultraviolet-Visible (UV-Vis) Analysis of the Bioplastic Films

Analysis was performed via a UV/Vis spectrophotometer model UV-1800 (SHIMADZU Corporation,
Kyoto, Japan) according to ASTM E169, with the wavelength set in the range of 200-800 nm. The sample was
in the form of a thin sheet measuring 10 mm x 10 mm.

2.3.6 X-Ray Diffraction Analysis of the Bioplastic Films

The analysis was performed via an XRD SmartLab Rigaku instrument with a Cu source. The X-ray
source was used with an angle range of 10° to 80° and a scan speed of 2°/min. The crystallite size in the
crystalline phase can be calculated via the Scherrer equation, whereas the degree of crystallinity (Xc) was
calculated on the basis of the ratio of the crystalline fraction to the crystalline and amorphous fractions
(Eq. (8)) via the Lorentz fitting curve with Origin Pro 8.5.1 software (Origin Lab Corporation, Northampton,
MA, USA).

KA

) 7

where D = the crystallite size (nm); K = the Scherrer constant (0.9); and A = the X-ray wavelength (1.54 A).
B = full width at half maximum (FWHM) in radians; 6 = Bragg angle (half of the 20 value).

crystalline fraction area

Xc (%) = %100 (8)

crystalline fraction area + amorphous fraction area

2.3.7 Contact Angle Analysis of Bioplastics

Contact angle analysis was performed according to ASTM D7334 by depositing deionized water
(200 pL) onto the surface of the bioplastic film. A Dino-Lite Pro Digital Microscope (AnMo Electronics
Corporation, Taiwan) and Dino-Lite Capture application (Version 2.0) were used over a period of 180 s, and
the droplets were recorded. The recorded video was cut into 3-s intervals, and from each frame, the contact
angle was measured via ImageJ with the Drop Snake analysis plugin.

2.3.8 Color Transparent Analysis of Bioplastic Films

Transparency was measured via UV-Vis spectrophotometry. The color transparency of the bioplastic
was reported as transparency or % transmittance. The transparency (% transmittance) is calculated via the



] Renew Mater. 2025;13(7) 1375

Beer-Lambert law as follows:
A =—-log%T )

where A is the absorbance. It is then derived as %T = T x 100, where %T is the percentage transmittance and
T is the transmittance value obtained from the spectrophotometer.

2.3.9 Biodegradability Analysis of Bioplastic Films

The biodegradability of the film was studied via a soil burial test, where the samples were buried in
clay soil at daily temperatures ranging from 27°C (night) to —35°C (day). The soil remained dry without any
watering. At a depth of 10 cm, observations were made every 10 days. The burial test was conducted during
the El Nifio phenomenon. The observations included physical changes (such as color, shape, and texture) as
well as changes in the weight of the bioplastic samples.

2.3.10 Statistical Analysis

The data obtained were averaged, and Tukey’s honest significant difference (HSD) test was performed
to further separate the means of each group.

3 Results and Discussions

3.1 pH and Physical Properties of the Bioplastics

The different acid types used as solvents for chitosan and PVA at three concentrations were mixed with
lignin to produce bioplastics with different pH values and physical appearances, as shown in Table 1.

For the sample where chitosan was dissolved in 1% and 2% lactic acid (pH 3.6), the dried bioplastic
film was very thin, stuck to a Petri dish, and very difficult to remove without damage. When the lactic acid
concentration was increased to 3%, the bioplastic film could be removed but presented a nonhomogeneous
distribution of the components, a rough texture, and was sticky. This is probably due to the interactions
among the amine groups of chitosan, the carboxyl groups of lactic acid, and the hydroxyl groups of lignin,
making the bioplastic film matrix softer, with a sticky surface layer. This stickiness arises from the polar
nature of lactic acid, which tends to attract water molecules from the environment [37].

The sample containing chitosan dissolved in a 1% acetic acid solution produced a bioplastic film that
was difficult to remove from the mold. When the acetic acid concentration was increased to 2% acetic acid,
the bioplastic film was easily removed from the mold, but this resulted in low homogeneity, brittleness in the
presence of cracks, and a smooth texture. When a 3% acetic acid solution was used to dissolve the chitosan,
the bioplastic film was elastic and homogeneous, with a smooth texture. The interaction between chitosan
(in an acetic acid solution) and lignin in the bioplastic occurred through the hydroxyl groups (-OH) of
lignin, forming hydrogen bonds with the amino groups (-NH,) of chitosan as well as the hydroxyl groups
(-OH) in acetic acid. Acetic acid helps improve the mixing of lignin and chitosan by reducing the polarity
difference [37]. At pH 5, chitosan and lignin can disperse well, resulting in a more stable and homogeneous
solution [34].

On the basis of these results, mixing chitosan with a 1% citric acid concentration and lignin, as well
as a 2% citric acid concentration, produced dried bioplastic films that could hardly be removed from the
mold without damaging them. Moreover, treatment at a 3% concentration produced a bioplastic film that
was brittle and homogeneous but contained cracks. Lignin is poorly soluble under highly acidic conditions,
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and at a pH below 4, it starts to agglomerate and precipitate, affecting the properties of the film, resulting in
low homogeneity and flexibility.

The results revealed that mixing chitosan with PVA (2% and 3% concentrations) and lignin produced
rigid, nonhomogeneous, cracked, and rough texture bioplastic formulations. Moreover, the mixing of
chitosan with PVA (1% concentration) and lignin resulted in films that were slightly rigid but elastic, less
homogeneous, and had a rough texture. On the basis of these results, bioplastics made from a mixture of
chitosan with 3% acetic acid and lignin, as well as chitosan with 1% PVA and lignin, are elastic, nonfragile,
nonsticky, and compact [9], which make them suitable for tensile strength testing. The tensile strength
test results of these two formulations of bioplastics were then used to determine the best formulation for
further analysis.

3.2 Mechanical Properties of Chitosan/Lignin Bioplastics

The mechanical properties of the bioplastics, tensile strength, Young’s modulus, and elongation at break,
are shown in Table 2.

Table 2: Mechanical strength of bioplastics

Bioplastics Tensile strength (MPa) Modulus young (MPa) Elongation at break (%)
Chitosan/acetic acid/lignin 34.82 + 3.28 18.54 + 4.45° 2.74 + 0.55°
Chitosan/PVA/lignin 0.98 + 0.94° 0.44 + 0.76° 1.34 + 0.61°

Note. Means followed by different letters are significantly different at p < 0.05.

The mechanical characteristics of the bioplastics in Table 2 show that the chitosan/acetic acid/lignin
(Formula (1)) bioplastic film has a higher tensile strength than the chitosan/PVA/lignin (Formula (2)) does.
This finding indicates the effect of the composition on the strength of the film. The chitosan/PVA/lignin
bioplastic mixture has a lower tensile strength because of the presence of PVA, which acts as a plasticizer,
making the film more flexible and consequently reducing the tensile strength. PVA is hydrophilic, which
could lead to moisture absorption, weakening the mechanical strength of the bioplastic. Even though PVA
can form hydrogen bonds with lignin, excessive water uptake can disrupt these interactions and reduce
overall cohesion. Chitosan and PVA can form hydrogen bonds and electrostatic interactions, but these
interactions might not be strong enough to significantly enhance the mechanical strength unless properly
optimized. The hydrophobic-aromatic character of lignin may cause partial phase separation with the more
hydrophilic PVA and chitosan, resulting in weak interfacial adhesion. Moreover, the insolubility of chitosan
in water and the formation of lignin aggregates also affect the film strength. Furthermore, the absence of a
crosslinking agent may also contribute to the poor mechanical strength of the material.

On the other hand, when acetic acid is used, chitosan dissolves because of the protonation of the amino
groups [38], as presented in Fig. 2a. Furthermore, polycationic chitosan can create hydrogen bonds with the
OH groups of lignin (Fig. 2b). The use of acetic acid in a mixture of chitosan and lignin effectively optimizes
the formation of crosslinks and molecular interactions, resulting in a material with better mechanical
properties than those of the chitosan/PVA-lignin mixture [38]. When lignin is integrated into chitosan
matrices, composite systems with strong mechanical strength and elasticity may be created. These systems
are necessary for handling, sterilizing, and cell development and can operate in wet or dry forms [9].

The strength of a bioplastic material increases with its tensile strength [13]. According to ASTM D882
(Standard Test Method for Tensile Properties of Thin Plastic Sheeting), the tensile strength for chitosan-based
bioplastics is 10-50 MPa; therefore, the bioplastic with Formula (1) is suitable for additional study on the basis
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of the findings of the tensile strength test. To evaluate the impact of lignin addition on the properties of the
final bioplastic, bioplastic Formula (1) was compared with pure chitosan bioplastic for further investigation.
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Figure 2: Possible hydrogen bonding between chitosan and lignin

3.3 Fourier Transform Infrared (FTIR) Analysis

FTIR analysis was applied to identify the functional groups of chitosan and lignin and their interactions
with the chitosan/lignin bioplastics (with acetic acid as a solvent for dissolving chitosan) (Fig. 3).

Chitosan + lignin
w T
xm7

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 3: FTIR spectra of the chitosan/lignin and pure chitosan bioplastics

Fig. 3 shows the characteristic peaks of chitosan and lignin in the track of the chitosan/lignin bioplastic
film. The peaks at 1554 and 1412 cm™! are associated with vibrations in the phenylpropane aromatic ring
derived from lignin. At 1554 cm™', a sharp peak, which is characteristic of the amide II band in chitosan,
is observable [39]. Compared with those of the pure chitosan bioplastic, shifts in the peaks at 1555 and
1416 cm™!, indicating N-H and C-O stretching from the amide groups, are observed. This shift is likely
related to the interaction between chitosan and lignin. The broad adsorption band at 3287 cm™! corresponds
to the O-H groups and the presence of hydrogen bonds between chitosan and lignin (Fig. 2b). For the
chitosan bioplastic, the absorption peak at 3276 cm ™! indicates the presence of O-H and N-H groups, whereas
the absorption peak at 1737 cm™! refers to the carbonyl group [39]. In contrast, for the chitosan/lignin
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bioplastic, the absorption peaks are not detected because of the interaction between chitosan and lignin,
which affects the intensity of these peaks. The FTIR analysis results in Fig. 3 show that the transmittance of the
chitosan/lignin bioplastic is lower than that of the pure chitosan bioplastic, indicating that lignin reduces the
transparency of the bioplastic because of light scattering by lignin particles. This result aligns with previous
studies [39,40], where the mechanical properties of chitosan fibers were evaluated in accordance with the
lignin type and concentration [40]. Crouvisier-Urion et al. [11] demonstrated that the addition of lignin to
chitosan bioplastics reduces transparency and improves thermal stability.

3.4 Thermogravimetric Analysis/TGA

The TGA results shown in Fig. 4 reveal that the main decomposition phase for both bioplastic samples
occurred in the range of 200°C-400°C, with the chitosan/lignin bioplastic film experiencing a lower mass
loss than the pure chitosan film. The decomposed weight percentage was 55.77% for the pure chitosan
bioplastics and 41.41% for the chitosan-lignin bioplastics. These findings indicate that the inclusion of lignin
enhances the thermal stability of the bioplastic. Mass loss is related to a series of breakdown processes, with
the formation of low-molecular-weight compounds [36]. In the early stages of decomposition (up to 200°C),
the mass reduction is related to the evaporation of moisture and volatile residues present in the sample, as
shown in the thermogram (Fig. 4), which was also described in a previous study [37]. Both samples showed
similar initial weight losses up to 200°C.
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Figure 4: TGA curves of the chitosan/lignin and pure chitosan bioplastics

The major decomposition of the chitosan/lignin bioplastic began at 200°C, but overall, the weight loss
during this phase was significantly lower than that of the chitosan film, confirming the ability of lignin to
increase the thermal stability. At this stage, mass loss may occur due to dehydration of the saccharide ring
complex, chitosan depolymerization, disintegration of the acetate polymer unit, and its deacetylation [41,42].
In the temperature range of 400°C-600°C, the mass loss is due to the cleavage of the bonds between the
carbon atoms in the benzene rings of lignin and those in the chitosan chains. At a final temperature of 600°C,
the residual weight of the chitosan/lignin bioplastic sample was significantly greater (28.23%) than that of the
pure chitosan bioplastic sample (14.61%). The findings of this study align with those reported by Ji et al. [2]
and Rosova et al. [9]. The inclusion of lignin improved the thermal stability of the bioplastics.
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3.5 Water Vapor Transmission Rate (WVTR) and Water Vapor Permeability (WVP) Analysis

WVTR denotes a material’s capacity to retain water vapor. The transmission value influences the
WVP, which denotes a material’s capacity to transmit water vapor per unit area. This value is influenced
by the pore size and hydrophilicity of the bioplastic components [36]. The values of WVT and WVP are
presented in Table 3. The WVP of chitosan/lignin is slightly greater than that of pure chitosan. Water
adsorption increases with the addition of lignin. This difference might be related to the better dispersion of a
mono-component (only chitosan) than a multiple-component (chitosan and lignin) in solution. Moreover,
the intermolecular interaction between chitosan and lignin molecules can also lead to WVP and water
adsorption [43].

Table 3: WVTRs and WPV's of bioplastics

Bioplastics WVTR (g/m?*/24h) WVP (gs 'm 'Pa?)

Pure chitosan 1390.7414 4.351x10712
Chitosan/lignin 1510.2640 4.468x10712

The WVP values of the chitosan/lignin-based bioplastics were greater than those of commercial
polyethylene (PE) plastic, which ranges from (7.3-9.7) x 107'* (gs"'m™'Pa™!) [9], but lower than those of
PLA, which has a WVP of 2.47 x 107! (gs"'m™'Pa™') [44]. Compared with the WVP values of chitosan-
ZnO and chitosan-TiO, bioplastics [36], this value is also lower, indicating that they are more hard and
brittle; thus, water vapor will easily pass through bioplastics. The elevated WVTR score for bioplastics
combined with chitosan and lignin may result from weak interactions between chitosan and lignin, hence
compromising barrier characteristics. The created water barrier is not as successful as anticipated in forming
a robust barrier against water vapor. A higher WVP bioplastic signifies a diminished capacity to impede
water vapor transmission [36]. The results suggest that the prepared bioplastics have unique applications in
food packaging, particularly for those products that require moisture exchange to preserve freshness and all
nutritional and organoleptic qualities.

3.6 Absorbance Capacity via UV-Vis Spectroscopy Analysis

The UV-Vis absorbance spectra of the pure chitosan bioplastic and the chitosan/lignin bioplastic are
shown in Fig. 5. The absorbance of the pure chitosan bioplastic gradually increased from approximately
550 nm to 800 nm, reaching a peak (Amax) at 800 nm, with a value of 9.5495. In the case of chitosan/lignin
bioplastics, light absorption increases sharply from a wavelength of 200 to 550 nm and then stabilizes at 800
nm. The maximum absorbance (Amax) for the chitosan/lignin bioplastic occurred at 800 nm, with a value
of 46.5585. The UV-Vis spectra indicate that the addition of lignin to chitosan significantly enhances the
absorbance, particularly in the UV range up to near the visible segment. The functional groups of lignin
have the ability to block strong UV rays. Lignin chromophore functional groups have the ability to absorb
UV light at wavelengths between 250 and 400 nm [45]. The absorption of UV-B (280-320 nm) may act as
a natural UV protector to protect the products from degradation and variation in chemical composition,
leading to alterations in color and nutritional and organoleptic properties [46]. The high UV absorbance of
chitosan/lignin bioplastic indicates its potential for packaging, ensuring that the amount of UV radiation
reaching the products remains low or minimal to avoid their alteration [47].
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Figure 5: Absorbance capacity of pure chitosan and chitosan/lignin bioplastics

3.7 X-Ray Diffraction (XRD) Analysis

XRD analysis is important for determining the potency of bioplastics for packaging applications. From
the data in Table 3, the main peak of pure chitosan bioplastic occurs at 260 values of 10°, 19.54°, 18.52°, and
20.84°, whereas the most prominent peak of chitosan/lignin bioplastics is observed at 20 values of 18.76°,
19.56°, and 11.65°.

The chitosan bioplastic exhibited two peaks at 26 values of approximately 10° and 20°, associated with
the (101) and (020) planes, indicating an organized crystalline structure of chitosan, which is consistent with
prior reports [45,48]. The presence of -OH and -NH, groups in the chitosan structure facilitates the forma-
tion of strong inter- and intramolecular hydrogen bonds, and the structural regularity of chitosan enables
the molecules to form crystalline areas. The diffraction pattern of pure chitosan bioplastic shows sharper
peaks due to its semicrystalline structure with the presence of crystalline and amorphous regions [49]. On
the other hand, the diffraction pattern of the chitosan/lignin bioplastic does not show sharp peaks, which
aligns with the amorphous nature of lignin [50]. Table 4 shows the degree of crystallinity and crystallite size
of the bioplastics.

Table 4: FWHM, degree of crystallinity, crystallite size, and pronounced peak of bioplastics

Chitosan bioplastic Chitosan/lignin bioplastic
Peak1l Peak2 Peak3 Peakl Peak2  Peak3

20 (deg.) 19.54° 18.52° 20.84° 18.76° 19.56° 11.65°
FWHM 0.001°  2.62° 0.001°  2.26° 0.001° 1.07°
Degree of crystallinity (%) 26.28 37.80
Crystallite size (nm) 30.67 5.487

The FWHM of the pure chitosan bioplastic exhibited a maximum value of 2.62° at the second peak,
indicating a strain in that region, which corresponds to a decreased crystal size relative to the surrounding
area. Peaks 1 and 3 exhibit FWHM values approaching 0, indicating a more uniform crystal morphology.
Similarly, for chitosan and lignin bioplastics, the highest FWHM value occurred at peak 1, measuring 2.26°,
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followed by peak 3, which had a value of 1.07°. The FWHM value is employed to evaluate crystallite size;
a smaller FWHM value in bioplastics indicates a greater crystal size, which influences the orderliness of
the material’s crystal structure [51]. According to the Scherrer equation (described in the methods section),
the crystal sizes of the pure chitosan bioplastics are greater than those of the chitosan/lignin bioplastics. The
decreased crystal size in the pure chitosan bioplastics yields wider, sharper diffraction peaks than the smaller
crystal sizes observed in the chitosan/lignin bioplastics. This is because the widening of the peak decreases
with increasing crystal size, as evidenced by the Scherrer equation.

Table 4 shows the degree of crystallinity expressed as a percentage (%). Pure chitosan bioplastic has
a crystallinity degree of 26.28%, whereas chitosan/lignin bioplastic has a crystallinity degree of 37.80%.
In pure chitosan bioplastic, the molecular chains formed are less ordered than those in chitosan/lignin
bioplastic. However, in its pure form, the interaction between chitosan chains is limited to intramolecular
hydrogen bonds, resulting in lower crystallinity. In contrast, in chitosan/lignin bioplastics, lignin acts as a
filler that modifies the structure and enhances intermolecular interactions. The incorporation of lignin into
chitosan can form hydrogen bonds or van der Waals interactions with chitosan chains [39], which strengthen
intermolecular bonding in the blend, contributing to the formation of crystalline domains.

The degree of deacetylation (DD) of chitosan influences its crystallinity; a higher DD leads to a more
ordered structure, hence enhancing its crystallinity [49]. This work utilized chitosan with a DD of 80%, which
is characterized by a more amorphous structure than chitosan with a greater DD (>85%) [52]. Chitosan with
a DD of 80% has good solubility in aqueous acidic media due to the presence of free amino groups [53].
The incorporation of lignin additionally influences the crystal dimension, as lignin is amorphous in nature.
This state leads to a reduced crystal size of the bioplastic, as the amorphous lignin particles act as a physical
barrier that restricts the mobility of the polymer chains [39]. The XRD pattern demonstrated that the crystal
peaks were broader and less defined than those of the pure chitosan bioplastics (Fig. 6).
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Figure 6: XRD patterns of pure chitosan and the chitosan-lignin bioplastic

The addition of lignin to chitosan bioplastic induces amorphization in the resulting film [9]. As shown
in the graph, the peak at 20 = 19.54° for the pure chitosan film appears sharper than the peak at 20 = 18.76°
for the chitosan/lignin bioplastic. Since lignin is amorphous, the diffraction pattern shows weak and diffuse
signals, commonly referred to as a diffraction halo [51]. This further confirms that lignin lacks an orderly
crystalline structure. The incorporation of lignin into the bioplastic increases the hydrated form, enhancing
the ability of the bioplastic to retain or absorb water while reducing the anhydrous form [9]. The degree of
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deacetylation (DD) of chitosan influences its crystallinity; a higher DD results in a more ordered structure,
hence enhancing its crystallinity [49]. This work utilized chitosan with a DD of 80%, which is characterized
by a more amorphous structure than chitosan with a greater DD (>85%) [52].

3.8 Contact Angle Analysis

Contact angle studies evaluate the capacity of a bioplastic surface to repel or absorb liquids, providing
information about the hydrophobicity/hydrophilic balance [54]. The results of the contact angle analysis are
shown in Fig. 7. Using Image], the initial contact angle value of the chitosan/lignin bioplastic was 98.5 + 3°,
which remained constant for up to 4 min. Afterwards, a decrease was observed, dropping to 88 + 1°, and
this trend continued until the 13th min. For the pure chitosan bioplastics, the initial contact angle was
91.6 + 1°. The contact angle measured at the first minute significantly decreased to 84.3 + 4° and 49.8 + 2°
2 min and 30 s after contact, respectively. The contact angle is in the range of the contact angle measured
in chitosan/lignin bioplastics of 85°-95°, as lignin can slightly increase the surface hydrophobicity of the
film [13]. This phenomenon has also been reported in other polysaccharide and lignosulfonate films [55].

chitosan/lignin 1’ chitosan/lignin 2 chitosan/lignin 3’ chitosan/lignin 4’ chitosan/lignin 5’

¥
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& \
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Figure 7: Changes in the contact angle of the chitosan and chitosan/lignin bioplastics based on the water absorption
time

Compared with the chitosan bioplastic, glycerol was added as a plasticizer, as reported by Agustiany
et al. [27]. The contact angle is also greater. The contact angle of 90°-150° indicates the hydrophobic
properties of the chitosan/lignin bioplastic surface [56]. According to the theory of contact angle analysis,
a contact angle of less than 90° indicates that a solid surface is hydrophilic, whereas a contact angle greater
than 90° indicates that the surface is not “wetted” or is hydrophobic [57]. Furthermore, superhydrophobic
surfaces emulate the water-repellent characteristics found in nature, exhibiting significant resistance to water
with contact angles above 150° [58].

3.9 Color and Transparency Analysis

On the basis of the results of UV-Vis spectrophotometry, the transmittance (%T) value for pure chitosan
bioplastic at 600 nm was 1.54%, whereas that for chitosan/lignin was 5.16 x 1074°%. A %T value approaching
0 indicates that almost no light is transmitted through the bioplastic, demonstrating that the presence of
lignin makes the bioplastic highly opaque at a wavelength of 600 nm.

The dark color of lignin, which is complex aromatic and results from the acid isolation and drying
process, has a structure that absorbs more light, which results in reduced transparency of the bioplastic [47].
This finding is in agreement with a previous study in which the color of lignin fluctuated significantly
throughout the separation and purification process. In the isolation of lignin, condensation might occur,



] Renew Mater. 2025;13(7) 1383

which contributes to conjugation and saturation, and then dark lignin is obtained at a high pH [59]. The
transparencies of the two bioplastic types are shown in Fig. 8.

Figure 8: Comparison of color transparency between chitosan (a) and chitosan/lignin bioplastics (b)

3.10 Biodegradability Analysis

The biodegradability test (soil burial test) was conducted from September 2023 to March 2024. The
climatic circumstances for the biodegradability test included average daily temperatures ranging from 33°C
to 35°C during the day and 27°C to 32°C at night. The soil utilized for biodegradability assessment is sourced
from the local environment and is devoid of any compost or decomposer, including EM4. The average initial
weight of the chitosan/lignin bioplastic was 0.4144 g.

To evaluate the biodegradability of the chitosan/lignin bioplastic in this study, a soil burial test was
conducted from September 2023 to March 2024. The average initial weight of the chitosan/lignin bioplastic
was 0.4144 g (0 days). As presented in Fig. 9, after 10 days of burial, no obvious deformation or physical
changes occurred, and there was no color change. The sample adheres to the soil surface but remains readily
removable; its weight is somewhat diminished, measuring 0.407 g, indicating a 1.8% loss. On day 20, the
chitosan/lignin bioplastic lost its stiffness, became brittle, and exhibited difficulty in removing soil residues
from its surface. Owing to a segment of the dirt being adhered to and unable to be extricated, the sample
weight increased to 0.5441 g. The chitosan/lignin bioplastic samples exhibited no discoloration on day 20.
On day 30, the bioplastic began degrading, resulting in significant soil adhesion; consequently, the weights of
the chitosan and lignin bioplastics were accurately determined. The mass of the bioplastic sample combined
with chitosan and lignin was 0.9069 g. Moreover, the chitosan/lignin bioplastic exhibited holes characterized
by a brittle texture.

By day 40, the chitosan/lignin bioplastic exhibited significant brittleness, and an increased amount of
dirt had adhered to its surface. Consequently, measuring the weight of microplastics is a challenge because
of their delicacy and the deposition of soil on their surface. The weights of the chitosan and lignin bioplastics
were measured, and the samples were subsequently retrieved after 180 days. The soil burial test results
indicated that the degradation of chitosan/lignin bioplastics occurred over 180 days, resulting in a final
weight of 0.3047 g, indicating a 26% reduction. On the 180th day, the chitosan/lignin bioplastic exhibited
fragmentation without any alteration in color, retaining the soil residues on its surface. Fig. 9 summarizes
the physical changes that transpired in the bioplastics over a period of 180 days. As both lignin and chitosan
are biodegradable, plastic can be degraded through microbial colonization and enzymatic breakdown during
soil burial tests. Chitosan enhances the water absorption of bioplastics, promoting microbial accessibility
and enzymatic activity and resulting in accelerated breakdown rates [60]. Moreover, the intricate structure
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of lignin, formed by related complexes, engages with microbial enzymes that degrade lignin components and
facilitate mineralization [61]. As a result, owing to their biodegradability, the lignin-chitosan bioplastic was
reduced to fragments on day 180, as shown in Fig. 9.

0 day

30 days 40 days 180 days

Figure 9: Physical changes in bioplastics via the soil burial test method

4 Conclusion

In the present work, bioplastic films based on the combination of chitosan and lignin were developed
with properties suitable for future applications in food packaging to replace fossil-based plastics. Compared
with the traditional fillers used in food packaging, the advantages of using lignin to improve some key
properties of bioplastics have been defined. The results indicate that dissolving chitosan in a 3% acetic acid
solution and then combining it with lignin leads to the formation of a bioplastic film with better properties
than those obtained at lower concentrations of acetic acid or when other largely used organic acids, such
as lactic acid and citric acid, are used. The FTIR analysis confirmed the interactions between the chitosan
matrix and lignin, which led to an increase in the tensile strength (34.82 MPa), Young’s modulus (18.54
MPa), and elongation at break (2.74%) of the bioplastic. Thermal analysis revealed thermal stability of the
composite film due to the presence of lignin. Moreover, UV-Vis analysis elucidates the role of lignin in
improving the UV absorption capacity of the film. The WVP resulted in a relatively high value, indicating
that improvement in the blending of chitosan and lignin should be considered to ensure a homogeneous
distribution of lignin within the film matrix. The presence of lignin increases the hydrophobicity of the
chitosan film and decreases the transparency of the lignin/chitosan bioplastic because of its dark color. The
biodegradation study revealed slow degradation of the chitosan/lignin bioplastic in the soil, with an onset
after 30 days and a loss of 26% of the weight after 180 days. The reported results reveal the potential of using
bioplastics made of chitosan and lignin as fillers as single-use packaging for fresh products, shopping bags,
or agricultural mulch, considering the environmental aspects that they offer. Despite the obvious advantages
of chitosan-based bioplastics, issues persist in scaling production and maintaining uniform quality across
various chitosan and lignin sources. Additional research is needed to refine formulations and improve the
market potential of these sustainable materials.
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