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ABSTRACT: Corn starch (CS) is a renewable, biodegradable polysaccharide valued for its film-forming ability, yet
native CS films exhibit low mechanical strength, high water sensitivity, and limited thermal stability. This study improves
CS-based films by blending with poly(vinyl alcohol) (PVA) or glycerol (GLY) and using citric acid (CA) as a green,
non-toxic cross-linker. Composite films were prepared by casting CS–PVA or CS–GLY with CA at 0%–0.20% (w/w
of starch). The influence of CA on physicochemical, mechanical, optical, thermal, and water barrier properties was
evaluated. CA crosslinking markedly enhanced the tensile strength, water resistance, and thermal stability of CS–PVA
films while increasing transparency in CS–GLY films. At 0.20% CA, the composite achieved 34.99 MPa tensile strength,
reduced water vapor permeability, and minimized water uptake. FTIR confirmed ester bond formation between CA and
hydroxyl groups of CS, PVA, and GLY, whereas thermal analysis showed higher decomposition temperatures and lower
weight loss in crosslinked films. Increasing CA levels also decreased opacity and improved light transmittance, indi-
cating greater homogeneity and reduced crystallinity. This dual-polymer matrix combined with a natural crosslinking
strategy provides a sustainable route to high-performance, biodegradable CS-based packaging materials.

KEYWORDS: Corn starch; poly(vinyl alcohol); glycerol; citric acid; cross-linking; renewable packaging materials;
biopolymer films

1 Introduction
The increasing environmental concerns over pollution caused by petroleum-based synthetic plastics

have led to a growing interest in biodegradable packaging materials derived from renewable resources [1,2].
Among these, starch-based films have received considerable attention due to their biodegradability, low
cost, and wide availability [2]. Corn starch (CS), a natural, biodegradable, and renewable polysaccharide,
is frequently utilized in the packaging industry because of its great film-forming capacity, low price, and
availability [3,4]. CS contains approximately 75% amylopectin and 25% amylose, which contribute to its film-
forming potential [5]. However, it also exhibits limitations, including poor mechanical properties and high
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hydrophilicity, limiting its application in food packaging [6,7]. To address this, enhancing the performance
of corn starch films has become a major focus of research.

Combining starch polymers with other polymers like PVA, which have excellent mechanical and phys-
ical properties, can improve the properties of corn starch film [8]. Polyvinyl alcohol (PVA), a water-soluble
synthetic polymer, is often used in combination with starch to enhance the performance of starch-based
films [9]. PVA is a popular choice due to its hydrophilic, nontoxic, degradable, and easily film-forming
qualities [10]. PVA and starch are compatible because they have enough hydroxyl groups in their molecular
chains to produce strong intermolecular hydrogen bonds [11]. Previous study demonstrated that films
containing mixed PVA and starch perform better than films containing only starch, such as increased
tensile strength by 1.24–1.93 times and elongation by 1.93–3.74 times compared to pure starch films [12].
Furthermore, the use of plasticizer such as glycerol reduces the brittleness of starch films, enhancing their
flexibility [13]. For example, Nordin et al. [14] demonstrated that combining corn starch film with glycerol
significantly increased the elongation to 52% (8-fold). Tarique et al. [15] reported that increasing the glycerol
concentration (15%–45%) resulted in a significant rise in arrowroot starch film elongation from 2.41% to
57.33%.

In this study, two distinct modification ways were purposefully compared: blending starch with PVA,
which serves as a co-polymeric component to reinforce the matrix, and adding glycerol, which acts as a
small-molecule plasticizer. The rationale for this comparison stems from the fundamentally distinct ways by
which these chemicals affect film characteristics. PVA introduces extra polymer chains that can form strong
hydrogen bonds with starch, improving strength, barrier efficiency, and thermal stability. In contrast, glycerol
inserts itself between starch chains, lowering intermolecular interactions and increasing chain mobility,
which improves flexibility and optical clarity while reducing mechanical strength and barrier capacity.
Despite these advancements, corn starch-PVA and glycerol composite films still have challenges, particularly
in terms of water sensitivity, which limits their use for application in humid environments.

To address these limitations, cross-linking agents are widely used to improve the mechanical and barrier
properties of starch films. Glutaraldehyde (GLU), a commonly used crosslinking agent, can react with -OH
in starch/PVA to create hemiacetals and acetals. However, the toxicity of glutaraldehyde limits their use in
biopolymer films [16]. Furthermore, Wei et al. [17] discovered that GLU cross-linking has not been proven
to enhance the mechanical characteristics of corn starch/PVA composite films. Therefore, investigating
effective and environmentally friendly natural cross-linking agents like citric acid is a way to overcome these
limitations and improve the performance of starch-PVA composite films.

Citric acid (CA), a naturally occurring tricarboxylic acid, is a cost-effective and environmentally friendly
cross-linker for biopolymeric materials [18]. Citric acid was chosen for its excellent performance as a low-
level a crosslinker agent, as well as its lower hazard level compared to glutaraldehyde, epichlorohydrin, and
sodium hypophosphite [19]. Citric acid can react with at least two of the hydroxyl molecules present in starch.
CA molecules have three carboxylic groups that can be esterified with hydroxyl groups in different chains of
glycerol, starch, or PVA, thereby forming cross-links [20]. This cross-linking mechanism has the potential
to enhance the mechanical properties, water resistance, and thermal stability of the composite films [21].
For instance, Yao et al. [9] found that adding 3% CA to mung bean starch films decreased water vapor
permeability by more than 7% compared to films without CA. de Paula Farias et al. [22] reported that wolf ’s
fruit starch (Solanum lycocarpum) can partially or fully replace corn starch in thermopressed biodegradable
films, exhibiting comparable physical, mechanical, and biodegradation properties.

This study aims to enhance the functional properties of corn starch-based films by incorporating PVA
and glycerol as blending agents and citric acid as a natural cross-linking agent. Composite films were
prepared using varying concentrations of citric acid to evaluate its effects on the mechanical, thermal,
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optical, and barrier properties of the films. This study clarifies how polymer blending and plasticization
affects its starch-based films by contrasting these two techniques under the same citric acid crosslinking
conditions. The novelty of this work lies in the use of a dual-polymer matrix approach combined with a
green cross-linking strategy to develop high-performance, biodegradable packaging materials derived from
renewable resources.

2 Materials and Methods

2.1 Materials
Commercial corn starch (Maizenaku) was purchased from a local market located in Subang, Indonesia.

Analytical grade chemicals, including citric acid monohydrate (Merck, Darmstadt, Germany), sodium
hydroxide (Merck, Darmstadt, Germany), glycerol (98%, Himedia, Mumbai, India), and fully hydrolyzed
poly(vinyl alcohol) with a molecular weight of 70,000–100,000 g/mol (Sigma-Aldrich, St. Louis, MO, USA)
were employed to make the composite film.

2.2 Preparation of Corn Starch Films
The casting technique was utilized to prepare the starch films. Corn starch films were prepared following

the previously procedure with some modifications [23]. Corn starch solution was prepared by dissolving 2%
(w/v) corn starch (CS) in distilled water. The mixture was agitated using a magnetic stirrer at a temperature
of 85○C, approximately 30 min. Subsequently, the alkaline pH (pH = 8) was achieved with the addition
of a diluted solution of sodium hydroxide (0.1 M). The mixture was then blended with glycerol (GLY) or
poly(vinyl alcohol) (PVA) at 25% (w/w) based on the dry weight of corn starch. Afterwards, the film solutions
were mixed by stirring and heating until they reached a temperature of 80○C. Following this, different
concentrations of citric acid (0%, 0.10%, 0.15%, and 0.20% (w/w) of corn starch) were added and stirred
for a period of 10 min. A vacuum oven operating at a temperature of 60○C and a pressure of 300 hPa was
employed for a duration of 1 min to eliminate air bubbles. A volume of 90 mL of mixture was put into an
acrylic plat (20 cm × 20 cm). The acrylic plate was then placed in an oven and dried at a temperature of 40○C
for approximately one night.

2.3 Moisture Content, Thickness, Water Uptake
Moisture content was determined using the gravimetric method according to Ratnawati and Afifah [24],

with minor modifications. One gram (1 g) of film samples was oven-dried at 105○C until they reached a
consistent weight. The sample was examined in duplicate, and the results were represented in grams of
evaporated water per 100 g of dry film. The film thickness was measured by a manual micrometer (Mitutoyo,
Japan) with an accuracy of 0.001 mm. The film thickness was estimated by average six random positions on
the corner and center of films [25]. The film’s water absorption was determined using the procedure outlined
by Sholichah et al. [23]. The 2 cm × 2 cm films were dried in an oven at 100–105○C for 1 h. Subsequently, they
were stored in a desiccator for 30 min and weighed to obtain their original weight. The subsequent procedure
involved immersing the film in water for a duration of 10 s, removing any residual water from the film surface
using a brush, and subsequently measuring the weight of the films. This technique was done again until a
constant weight (final weight) was achieved. The calculation of water uptake was determined using Eq. (1).

Water uptake (%) =
Final weight − Initial weight

Initial weight
× 100 (1)
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2.4 Water Vapor Permeability (WVP)
Water vapor permeability is determined using the gravimetric method described in ASTM E96-00 [26].

A film is sealed onto a weighing container (diameter ±2.5 cm) loaded with silica gel (±5 g) and placed in
a desiccator under controlled RH conditions of ±78% with a saturated NaCl solution. The bottle’s weight is
recorded every hour for seven hours. The weight change per time interval (slope) is calculated to obtain the
WVTR value in Eq. (2), which is then utilized to calculate the WVP value using Eq. (3).

WVTR = slope
A
=

Δm
Δt ×A

(2)

WVP = WVTR × L
ΔP

(3)

where L is the film thickness (mm) and ΔP is the difference in partial pressure of water vapor between inside
and outside the film. All film samples are measured with three replicates.

2.5 Mechanical Properties
The mechanical properties of the films, specifically the tensile strength (TS) and elongation at break

(EB), were measured using the Universal Testing Machine, following the standard ASTM method D 882-88
as reported by Indrianti et al. [27]. The testing parameters (load cell capacity 400 N; crosshead speed is 10
mm/min, with the distance between the clamps being 50 mm) were employed in this measurement. The
tensile strength and the percentage of elongation at break were determined using Eqs. (4) and (5). Where TS
is the tensile strength (MPa); Fmax is the maximum force (N); A is the area of film cross-section (mm2); dr is
the distance of rupture (mm) and do is the distance onset of separation (mm).

TS = Fmax

A
(4)

Elongation = dr

d0
× 100% (5)

2.6 Opacity and Light Transmittance Measurement
The opacity and light transmittance of films was measured using procedure as stated by Jiang et al. [28].

The films were divided into rectangular strips of 1 cm × 5 cm. A spectrophotometer (Shimadzu UV-1900,
Kyoto, Japan) was used to scan the spectra within the wavelength range of 200 nm to 800 nm in order to
acquire a pattern of light transmittance. The films were cut into 1 cm × 5 cm rectangular strips, and their
average thickness (H) was properly measured with a spiral micrometer. The film’s absorbance A600 was
measured using a spectrophotometer (Shimadzu UV-1900, Japan) at a wavelength of 600 nm. The opacity
was computed using the formula in Eq. (6).

Opacity = A600
H

(6)

2.7 Thermal Properties Measurement
Thermal properties of films were analyzed by using a derivative thermogravimetry (DTG-60, Shimadzu,

Japan). An empty aluminum pan served as a reference. Approximately 5 mg of the material was sealed in an
aluminum pan. The measurement was performed using nitrogen gas at a flow rate of 100 mL/min and a heat
rate of 10○C/min within temperature range of 25 to 450○C [27].
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2.8 Fourier-Transform Infrared (FTIR) Analysis
FTIR analysis were carried out using a FTIR Spectrometer ALPHA II (Bruker instrument, Billerica,

MA, USA) with operation conditions were scanning wavenumber 500–4000 cm−1 [23]. In this study, the
FTIR analysis also focused on the O–H stretching region (3000–3600 cm−1), where changes in peak intensity
and integrated area were monitored. This region is sensitive to hydrogen bonding and thus provides a
reliable indicator of hydroxyl group involvement during film formation. A decrease in intensity suggests that
hydroxyl groups participated in intermolecular interactions, such as starch–glycerol or starch–PVA hydrogen
bonding, or in esterification reactions with citric acid. The calculation of peak area and intensity in the
3000–3600 cm−1 region was performed using software Origin 9.7 (Origin 2020).

2.9 Experimental Design and Statistical Analysis
This work employed a factorial experiment in a completely randomised design (CRD) to evaluate the

effect of polymer blending method and citric acid (CA) content on the characteristics of corn starch films.
The two fixed factors were: (i) polymer blending method: corn starch mixed with PVA (25% w/w) or glycerol
(25% w/w) based on the dry weight of corn starch; and (ii) CA level: 0%, 0.10%, 0.15%, and 0.20% (w/w
of starch). This resulted in eight treatments in all (CS/PVA-CA0, 0.10, 0.15, 0.20; and CS/GLY-CA0, 0.10,
0.15, 0.20). Each treatment was carried out in triple. The results were compared in two ways: (i) within each
polymer system (CS/PVA and CS/glycerol) across the four citric acid concentrations (0.0%–0.20%), and
(ii) between the two polymer systems at the same citric acid concentration. This approach allowed for the
assessment of both the major effects and the interaction between the polymer system and the CA level. All
data were handles using the SPSS software version 26 and analyzed for variance using Multivariate Analysis
of Variance (Mannova) with additional testing using Duncan’s test. The difference in results was considered
significant at p < 0.05.

3 Result and Discussions

3.1 Moisture Content, Thickness, Water Uptake of CS Films
Table 1 displayed the composite film’s thickness, moisture content, and water uptake. Statistical anal-

ysis revealed that the corn starch-PVA (CS-PVA) composite films exhibited higher moisture content
(8.45%–9.27%) and greater thickness (0.027–0.034 mm) compared to CS-glycerol films (moisture content
7.36%–7.88%; thickness 0.023–0.028 mm). This dual effect stems from PVA’s molecular structure: its high
density of hydroxyl groups not only increases water affinity via hydrogen bonding (explaining the elevated
moisture content [29]) but also enhances polymer-polymer interactions. The stronger hydrogen bonding
between PVA and starch chains improves miscibility and reduces chain mobility, leading to more cohesive
matrix with increased thickness and structural homogeneity. Consequently, this reinforced network directly
impacts functional properties critical for packaging applications, including barrier efficiency and mechanical
stability [30,31]. PVA (less polar than glycerol) is a polymer, and then, much more viscous and rigid than
glycerol, which is a liquid. Corn starch-glycerol composite films are thinner because some glycerol could
have been evaporated when casting the film overnight [32,33]. The findings in Table 1 also show an increasing
trend in film thickness as the concentration of citric acid increased. The corn starch-PVA composite films
with 0.20% of citric acid as cross-linker exhibited the highest thickness (0.034 mm). Citric acid acts as a cross-
linker by forming ester bonds between the hydroxyl groups of starch and PVA. This cross-linking improves
the density of the polymers network and thus resulting in a more tight structure [23]. The presence of citric
acid would have increased the quantity of solid content in the film-forming fluid, resulting in a thicker
film [34]. In this study, the same volume of casting solution was used for all film samples. Therefore, the final
film thickness is primarily governed by the density of the dried composition (including residual moisture
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content) rather than being directly determined by the degree of crosslinking. Any differences observed in
thickness among films are better explained as a secondary effect of compositional and structural changes
induced by citric acid crosslinking, which may alter molecular packing, water retention, and network rigidity,
thereby indirectly influencing the density of the dried films.

Table 1: The moisture content, thickness, water uptake, and opacity of corn starch/PVA and glycerol composite films
crosslinked with citric acid (CA) in different levels (0%, 0.10%, 0.15.%, and 0.20% (w/w), respectively)

Sample Moisture (%) Thickness (mm) Water uptake (%) Opacity (Abs600/mm)
CS/GLY-CA 0 7.88 ± 0.33Aa 0.023 ± 0.00Aa 165.93 ± 8.73Aa 7.41 ± 0.40Aa

CS/GLY-CA 0.10 7.50 ± 0.51Aa 0.027 ± 0.00Ab 129.04 ± 6.18Ab 6.47 ± 0.32Ab

CS/GLY-CA 0.15 7.42 ± 0.24Aa 0.028 ± 0.00Ab 121.14 ± 4.58Abc 6.13 ± 0.60Ac

CS/GLY-CA 0.20 7.36 ± 0.50Aa 0.028 ± 0.00Ab 119.32 ± 1.36Ac 4.80 ± 0.84Ad

CS/PVA-CA 0 9.27 ± 0.63Ba 0.027 ± 0.00Ba 126.09 ± 7.19Ba 12.31 ± 0.17Ba

CS/PVA-CA 0.10 8.69 ± 0.52Ba 0.028 ± 0.00Ba 116.99 ± 9.54Bb 10.79 ± 0.58Bb

CS/PVA-CA 0.15 8.55 ± 0.23Ba 0.030 ± 0.003Bbc 115.67 ± 11.70Bbc 8.23 ± 0.19Bc

CSPVA-CA 0.20 8.45 ± 0.85Ba 0.034 ± 0.001Bc 104.11 ± 7.22Bc 7.47 ± 0.63Bd

Note: Data are “Mean ± Standard Deviation”: Superscript letters by different uppercase (A, B) and lowercase
superscript letters (a, b, c, d) within the same column, represent significant differences across the treatments
(p < 0.05).

Water uptake is a characteristic of a film’s resistance to water. A lower water uptake value indicates a
higher resistance of the film to water [35]. Table 1 demonstrates that corn starch-glycerol composite films
exhibited considerably higher water uptake (119.32%–165.93%) compared to corn starch-PVA composite
films (104.11%–126.09%) (p < 0.05). Glycerol is a highly hydrophilic plasticizer with numerous hydroxyl
chains that can create strong hydrogen bonds with water molecules [15]. This increases the water absorp-
tion capacity of starch-glycerol films. Poly(vinyl alcohol) (PVA), while also hydrophilic, forms stronger
intermolecular hydrogen bonds with starch, which can reduce the availability of free hydroxyl groups to
interact with water, thus lowering water uptake [36]. Table 1 also show a gradual decrease in water uptake
of the composite films with the increasing concentration of citric acid. The corn starch-PVA composite film
with 0.20% of citric acid exhibited the lowest level of water uptake. The cross-linking process involves the
formation of ester bonds between the hydroxyl groups of starch and PVA with citric acid. This reaction limits
the accessibility of free groups of hydroxyl, as seen in possible approach of crosslink reaction (Fig. 7), which
are responsible for water absorption. The ester bonds create a more hydrophobic network, thereby decreasing
the film’s affinity for water [20]. Similar findings were also documented for arrowroot starch-PVA composite
edible films when citric acid was included [23].

3.2 Mechanical Properties of CS Films
The mechanical characteristics of films determine their strength and capacity to improve the strength

and durability of food items. Tensile load and extension at break quantify the amount of force per unit area
needed to break the film and the film’s capacity to stretch [37]. Tensile strength and elongation at break of
corn starch-PVA and corn starch-glycerol composite films are shown in Fig. 1.
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Figure 1: Tensile strength and elongation of corn starch/PVA composite films (a) and corn starch/glycerol composite
film (b) with varied levels of citric acid (CA) (0%, 0.10%, 0.15%, and 0.20% v/w, respectively)

The tensile strength of corn starch-PVA and glycerol composite films with adding different levels of
citric acid ranged from 30.38 to 34.99 MPa and 17.19 to 19.59 MPa, respectively. This study found that
corn starch-PVA composite films have a higher tensile strength than corn starch-glycerol composite films.
PVA contains hydroxyl groups that can form hydrogen bonds with the hydroxyl groups in starch. This
interaction enhances the compatibility and intermolecular bonding between the two polymers, leading to
improved mechanical properties, including tensile strength [23]. In contrast, glycerol works as a plasticizer,
improving flexibility and decreasing tensile strength by breaking the intermolecular interactions within
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the starch matrix. This is consistent with previously published findings, which reveal that the PVA film
has higher mechanical properties and is more resistant to breaking than starch films plasticized using
glycerol [38]. These findings highlight the distinct mechanisms that underlying the two modification
approaches. Blending with PVA is a polymer-polymer blending strategy in which the inclusion of extra
polymer chains promotes strong intermolecular hydrogen bonding with starch. This dense and cohesive
network accounts for the increased tensile strength and decreased elongation, found in CS-PVA films. In
contrast, adding glycerol is a plasticization technique because glycerol molecules intercalate between starch
chains, weakening intermolecular interactions and increasing chain mobility. This results in lower tensile
strength but increased flexibility.

Fig. 1 also showed that adding more citric acid to corn starch/PVA composite film increased its tensile
strength 1.15 times (from 30.38 MPa to 34.99 MPa), however reduced its elongation by 1.19 times (from 9.60%
to 8.09%). Citric acid, a cross-linked chemical, generates ester connections with the hydroxyl groups of starch
and PVA as shown in Fig. 7. This crosslinking enhances the density and rigidity of the polymer network,
therefore increasing the tensile strength of the films. Yao et al. [39] stated that the addition of citric acid
would enhance the intermolecular stability through the formation of covalent bonds, thereby strengthening
the films and consequently improving their tensile strength values. The incorporation of citric acid to corn
starch/PVA films reduces elongation principally by forming a more stiff and less flexible network via cross-
linking and hydrogen bonding. This increased rigidity restricts the film’s capacity to stretch, resulting in
decreased elongation at break [40].

The incorporation of 0.20% of citric acid to the corn starch/glycerol film composite increases the tensile
strength by 1.13 time (from 17.19 MPa to 19.59 MPa) and elongation by 1.77 times (from 3.22% to 5.70%). Citric
acid is an agent of crosslinking that creates ester bonds with the hydroxyl groups of starch and glycerol. This
crosslinking produces a more flexible network structure, which can increase the film’s elongation [20]. Citric
acid produces stronger hydrogen bonds with starch than glycerol, which improves the bonding of citric acid,
glycerol, water, and starch [41]. This strong hydrogen-bond interaction is essential for increasing the film’s
characteristics, particularly elongation. Excess CA not only tightened the film structure but also reduced the
tension between macromolecules, resulting in greater elongation at break [42]. Yao et al. [39] found similar
outcomes for the effect of citric acid on the tensile strength and elongation of mung bean starch films.

3.3 Water Vapor Permeability of CS Films
Water vapor permeability (WVP) is a crucial property that significantly impacts the performance

of film as a packaging material, which is in extending the shelf life of food products [23]. The water
vapor permeability (WVP) in food packaging films should be minimized. Due the regular need to
restrict the movement of moisture between food and the surrounding surroundings [35]. Among the corn
starch/PVA and glycerol composite films in Fig. 2, corn starch/PVA films (0.56 × 10−11 to 1.05 × 10−11 gm−1

⋅

s−1
⋅Pa−1) exhibited lower WVP than that of the corn starch/glycerol films (1.42 × 10−11 to 2.20 × 10−11

gm−1
⋅s−1
⋅Pa−1). Corn starch/PVA films have a lower WVP compared to corn starch/glycerol films because

PVA is less hydrophilic, generates a denser and more homogenous film structure, and is more compatible and
interacts with starch. Collectively, these characteristics produce a tighter film matrix that is less permeable
to water vapour [43,44]. The compatibility of starch with PVA produces films with improved mechanical
characteristics and decreased WVP. The combination of starch and PVA results in a tighter network that is
less permeable to water vapour [37].
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Figure 2: Water vapor permeability of corn starch/PVA composite films and corn starch/glycerol composite film with
varied levels of citric acid (CA) (0%, 0.10%, 0.15%, and 0.20% v/w, respectively). Different uppercase (A, B) and lowercase
(a, b, c) superscript letters indicate indicate statistical significance between sample groups (p < 0.05)

Fig. 2 also demonstrated a significant reduction in the water vapor permeability (WVP) of the both of
composite film with increasing levels of citric acid (CA). The addition of 0.20% citric acid decreased the
WVP of the corn starch/glycerol film composite by 155% and that of the corn starch/PVA film composite by
188%. The occurrence can be attributed to the replacement of hydrophilic OH groups with hydrophobic ester
groups within the film structure [16] and the possible approach of cross-linking reaction of starch and other
ingredients of the films in our work is depicted in Fig. 7. Cross-linking of starch results in the development
of a more compact structure, which inhibits swelling and restricts molecular movement. As a consequence,
the permeability of water vapor decreases [35]. A similar trend was observed by several authors [27,42,45].

3.4 Opacity and Light Transmittance of CS Films
Opacity is a measurement used to quantify the level of transparency exhibited by a film. A high level of

opacity suggests that the sample has a low level of transparency [40]. The light transmittance and opacity of
the corn starch films are illustrated in Fig. 3 and Table 1.

The results in Table 1 showed that the opacity of corn starch/glycerol composite films (ranging from
4.80 to 7.41) are comparatively lower than those observed for the corn starch/PVA composite films (ranging
from 7.47 to 12.31). It means that corn starch/glycerol composite films are more transparent compared to
corn starch/PVA composite films. Corn starch/glycerol composite films have a lower opacity than corn
starch/PVA composite films due to their homogenous matrix and reduced crystallinity, resulting in less light
scattering [41]. Table 1 also demonstrated a decreasing relationship between citric acid levels and film opacity.
Citric acid is an agent for crosslinking that produces ester bonds with the hydroxyl groups of starch and
PVA and the possible approach of cross-linking reaction is illustrated in Fig. 7. This crosslinking decreases
free hydroxyl groups, resulting in a more compact and homogenous film structure [20]. The reduction of
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free hydroxyl groups and the development of a more homogenous matrix might reduce light scattering,
resulting in less opacity. In contrast, the greater refractive index and more heterogeneous structure of PVA-
starch films cause enhanced opacity [42]. In order to assess the light transmission characteristics of the films,
spectral scanning was conducted across wavelengths spanning from 200 to 800 nm, and the corresponding
percentage of light transmittance was meticulously recorded, as depicted in Fig. 3.

Figure 3: The Light Transmittance of corn starch/PVA composite films (a) and corn starch/glycerol composite film (b)
with varied levels of citric acid (CA) (0%, 0.10%, 0.15%, and 0.20% v/w, respectively).
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Fig. 3 demonstrated that the corn starch/glycerol composite films have a higher optical clarity than corn
starch/PVA composite films. In wave number 800 nm exhibited the percentage transmittance of CS/GLY
ranged from 50 to >80%. While the percentage transmittance of CS/PVA ranged from 30 to <70%. Fig. 3
illustrated that the transparency of corn starch/PVA and glycerol composite films is greater when citric acid
is added, compared to when it is absent in both composite films. The highest light transmittance was resulted
in both corn starch composite film with addition citric acid 0.20%. Starch undergoes cross-linking, which
reduces its crystallinity and enhances the dispersion of light through the film matrix. Consequently, the
transparency of the film increases [28].

3.5 FTIR of CS Films
FTIR analysis was conducted to identify the potential functional chemical groups and molecular

interactions present in the cross-linked biopolymer films [16]. The FTIR spectra of composite films are
depicted in Fig. 4. The FTIR spectra of both of composite films exhibited similar patterns. The peak spectra
observed in this study show closeness to the previous research on mung bean starch edible films, as
documented by Yao et al. [9]. Fig. 4 displayed that the three typical bands at 990, 1015, and 1077 cm−1 correlate
to the C-O bond stretching band attributed to primary alcohols [43]. As the citric acid level increased the
bands broadened and the peak intensity decreased. This alteration indicates that the carboxyl chains of citric
acid formed through covalent connections to the C-O groups found in starch [44]. Analysis of the O–H
stretching region (3000–3600 cm−1) showed a decrease in both peak area and intensity with increasing
citric acid concentration. Peak area and intensity decreased with higher citric acid levels, from 18.44 to
3.94 and 0.05 to 0.01 in CS/PVA-CA and from 37.76 to 11.04 and 0.11 to 0.03 in CS/GLY-CA, respectively,
indicating consumption of free –OH groups during esterification and cross-linking. These reductions in
peak area and height suggest that a portion of the free hydroxyl groups in starch, glycerol, and PVA were
consumed during esterification and cross-linking reactions with citric acid. Consequently, fewer free –OH
groups were available to participate in hydrogen bonding, leading to weakening of the original hydrogen-
bonded network. This phenomenon is consistent with the possible approach of citric acid cross-linking,
in which citric acid forms ester linkages with hydroxyl groups of starch, glycerol, and/or PVA (Fig. 7).
Furthermore, the observed shift in the peak center values (from ~3298 cm−1 to ~3254 cm−1 in CS/PVA-CA
and from ~3306 cm−1 to ~3269 cm−1 in CS/GLY-CA) reflects alterations in the hydrogen bond strength and
distribution. A shift toward lower wavenumbers typically indicates stronger hydrogen bonding interactions
due to newly formed intermolecular linkages. Taken together, the FTIR results confirm that citric acid
introduction significantly altered the hydroxyl environment and promoted cross-linking in the starch-based
films. According to Marvdashti et al. [26], the formation of intermolecular and intramolecular hydrogen
bonds results in a shift of the absorption band towards a lower frequency as a consequence of stretching
vibration. As the strength of hydrogen bonding increases, the occurrence of O–H stretches is observed at
progressively lower frequency. Wu et al. [38] reported similar finding in potato starch/chitosan films that
were cross-linked with citric acid.
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Figure 4: FTIR spectra of corn starch/PVA composite films (a) and corn starch/glycerol composite film (b) with varied
levels of citric acid (CA) (0%, 0.10%, 0.15%, and 0.20% v/w, respectively)

3.6 Thermal Properties of CS Films
The graphs of DTA (differential thermal analysis) and TGA (thermal gravimetry analysis) of corn

starch/PVA (CS/PVA) and corn starch/glycerol (CS/GLY) composite films with different levels of citric acid
(CA) are shown in Figs. 5 and 6. The endothermic peak in Fig. 5 indicates that the first mass loss was
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driven by thermal action at temperatures below 100○C. This was mostly due to evaporation of moisture
and water fragments [45]. The PVA glass transition (Tg ~70–85○C) does not have a clear baseline shift,
possibly due to water loss, plasticization, and citric-acid crosslinking. The curve DTA of corn starch/PVA
(CS/PVA) composite films showed the second endothermic peak at temperatures between 200 and 250○C.
Normally, PVA exhibits a melting endotherm (a peak indicating melting) around 220○C. However, in this
CS-PVA composite film, that peak is not observed. The lack of the endotherm suggests that the PVA within
the composite is not as crystalline as it would be in its pure form. This is because the solution casting
process and the strong interactions between starch and PVA disrupt the PVA’s ability to form its typical
crystalline structure. The interactions between the components, such as the hydrogen bonding of starch
and PVA, improve the thermal stability of the composite films. At higher temperatures, this stability can
produce different thermal events, such as the second endothermic peak [46]. The exothermic peak in both of
composite films within the temperature range 306.39–324.04○C. The occurrence of this peak can be ascribed
to the complete breakdown of starch that occurs at temperatures above 300○C [47]. Results observed that
corn starch/PVA (CS/PVA) demonstrated a greater peak temperature (314.84 to 324.04○C) in comparison
to corn starch/glycerol (CS/GLY) (306.39 to 316.86○C). The interactions between PVA and starch, notably
hydrogen bonding, assist to create a stronger network within the composite film. This network needs more
energy to break down, which leads to greater peak temperatures [46].

(a)

Figure 5: (Continued)
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Figure 5: The curves of differential thermal analysis (DTA) of (a) corn starch-PVA (CS/PVA) and (b) corn starch-
glycerol (CS/GLY) with varied level of citric acid (CA) (0%, 0.10%, 0.15%, and 0.20% v/w, respectively)

The thermogravimetric curves as presented in Fig. 6 also exhibited two weight loss events that agreed
with their DTA curves. The first weight loss at the endothermic peak of all the films occurred at approximately
50○C–100○C ranged from 1% to 4%. The weight loss below 100○C was mainly ascribed to water loss [48].
And then, the second weight loss occurring between 270○C and 360○C was attributed to the fragmentation
of side chains in the starch. The findings of this study align with the outcomes given by Nordin et al. [14],
which indicate that the degradation process occurred within the temperature range of 286–328○C, indicating
significant starch decomposition. The weight loss of the corn starch/PVA composite film with the addition
of 0.20% citric acid (39.63%) was lower compared to the corn starch/PVA composite film without citric acid
(46.77%). This is owing to the creation of strong hydrogen bonds and ester linkages, which provide the film
greater resistance to thermal degradation. Improved thermal stability relates to decreased weight loss after
thermal analysis [20].
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Figure 6: The curves of thermogravimetric analysis (TGA) of (a) corn starch-PVA (CS/PVA) composite films and (b)
corn starch-glycerol (CS/GLY) composite films with varied level of citric acid (CA) (0%, 0.10%, 0.15%, and 0.20% v/w,
respectively)
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Thermal characteristics associated with film degradation (exothermic peak) included onset temperature
(to), endset temperature (tc), and peak temperature (tp) of CS/GLY composite films ranged from 291.79 to
299.36○C, 319.27 to 330.75○C, and 306.39 to 316.86○C, respectively. While the onset temperature (to), endset
temperature (tc), and peak temperature (tp) of CS/PVA composite films ranged from 293.01 to 312.40○C,
319.76 to 333.08○C, and 314.84 to 324.04○C, respectively. Results showed that thermal properties of the both
of composite films increased with the addition of citric acid (Supplementary Data Table S1). The trend
revealed that the CS/PVA-CA 0.20 onset temperature (312.40○C) and peak temperature (324.04○C) were
greater than the CS/PVA-CA 0 onset temperature (303.64○C) and peak temperature (320.79○C). This data
suggests that CA (citric acid) improves thermal stability in CS-PVA films. The same results were obtained
with the addition of citric acid to the CS/GLY composite film. This confirmed that the citric acid had
successfully improved the thermal stability of the starch film by developing the crosslinked structure in
the system [49]. Citric acid’s cross-linking and strong hydrogen bonds improved the bonding between
molecules, increasing the film’s thermal stability [50]. Similarly, the addition of citric acid improved the
thermal stability of the films, indicating that a more consistent, strong, and stable structure was produced
through intermolecular interactions [21]. Other findings have been observed in composite films consisting
of potato starch and chitosan, which were crosslinked with citric acid, as well as in films composed of konjac
glucomannan/surface deacetylated chitin and citric acid, which exhibited increased hydrophobicity [20,28].

3.7 Citric Acid Cross-Linking Possible Approach
The possible approach of crosslink reaction between citric acid and the ingredients of the film was

shown in Fig. 7. The citric acid is bound between the starch molecules and polyvinyl alcohol or glycerol.
The corn starch was gelatinized to swell the chains and form an amorphous structure [51]. Then, the sodium
hydroxide was added to gelatinized starch and affected the reduction of crystallinity due to the breakage
of hydrogen bonds of starch molecules [52]. Besides that, the reactivity of citric acid was generated by a
heating process. The citric acid released a hydrate molecule, which became an anhydrate and then reacted
with starch and polyvinyl alcohol or glycerol [53]. Based on the insert FTIR spectra (Fig. 5), in both of
composite film (CS/PVA and CS/glycerol) the band ranged from 3000 cm−1 to 3600 cm−1 became broader
and the intensity of peak less intense as the citric acid level increased, suggesting a reduction in free O-H
groups due to the formation of ester bonds by citric acid. The structural alterations influenced the composite
films’ properties, including water barrier, water vapor permeability, optical clarity and thermal properties.
Citric acid (CA) considerably enhanced the tensile strength, water resistance, and thermal stability of CS-
PVA films, while also improving optical clarity in CS-GLY films. The addtion of 0.20% CA resulted in a
tensile strength of 34.99 MPa, reduced water vapour permeability, and minimal water uptake. The addition
of citric acid increased the thermal properties of both composite films (see Supplementary Data Table S1).
The trend showed that the CS/PVA-CA 0.20 onset temperature (312.40○C) and peak temperature (324.04○C)
were higher than the CS/PVA-CA 0 onset temperature (303.64○C) and peak temperature (320.79○C). This
study demonstrates that CA (citric acid) enhances thermal stability in CS-PVA films. The same results were
obtained by adding citric acid to the CS/GLY composite film.
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Figure 7: Possible approach of crosslink reaction (a) corn starch and glycerol with citric acid; (b) corn starch and
polyvinyl alcohol with citric acid
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4 Conclusions
This study demonstrates that employing citric acid as a green cross-linker in dual-polymer corn starch

matrices is a sustainable approach to enhance the performance of biodegradable packaging films. The novelty
of this work consists in the combination of a renewable polysaccharide (corn starch) with poly(vinyl alcohol)
or glycerol, as well as the use of a non-toxic, naturally generated crosslinker to improve specified functional
properties. The comparison research indicated distinct roles for the two blending agents. PVA incorporation
resulted in films with higher tensile strength, water vapour barrier efficiency, and thermal stability due
to its rich hydroxyl functionality and strong hydrogen bonding interactions with starch. Glycerol, on the
other hand, performed primarily as a plasticizer, lowering brittleness and enhancing the optical clarity
through increased homogeneity and lower crystallinity. These complementary effects highlight the potential
of tailoring film properties according to application requirements. Among the tested formulations, 0.20%
citric acid was identified as the optimal concentration, delivering significant improvements in structural
cohesion and functional performance. Overall, the findings confirm that citric acid crosslinking in CS–
PVA and CS–GLY systems offers a green, effective, and versatile strategy for developing high-performance,
biodegradable, and renewable packaging materials.
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