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Preparation and Characterization of Polyvinyl
Alcohol/Carboxymethyl Cellulose Films with Citric Acid
and Activated Carbon for Active Food Packaging
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Carboxymethyl cellulose (CMC) and polyvinyl alcohol (PVOH) composite
films incorporated with glycerol and citric acid were examined for
development of biodegradable films with improved water resistance
properties. Addition of citric acid at 30% effectively reduced water solubility
of the film. To prepare functional active packaging films for storage of
perishable products, the role of activated carbon (AC) at different
percentages was also investigated. Various physical, mechanical,
thermal, and functional properties of these films were then characterized.
The study found that the inclusion of AC at 0.25, 0.5, and 0.75% did not
affect the tensile strength (TS), elongation at break, and thermal
properties, resulting in stronger films. Fourier transform infrared analysis
suggested intermolecular interactions within the polymer matrix after
incorporation of citric acid and activated carbon. The antimicrobial activity
test revealed no inhibition zone; however, there was no noticeable
increase or spread of bacteria during the testing period.
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INTRODUCTION

The extensive use of synthetic films in food packaging has rapidly increased,
causing significant environmental problems due to their resistance to degradation. This has
led to growing consumer demand for biodegradable alternatives (Cazén et al. 2017).
Environmental and food safety issues have become major public concerns, attracting
researchers to green chemistry solutions (Wang et al. 2018). The food packaging sector is
a significant part of the global plastic market. Packaging materials contribute greatly to the
total plastic waste, leading to severe environmental issues. These materials are non-
biodegradable, have lower costs, durability, excellent barrier properties, strength, and the
inclusion of additives like printing inks, adhesives, and colorants exacerbates
environmental contamination, their petroleum-based composition leads to severe
environmental pollution, known as white pollution (Chen et al. 2019). A sustainable
solution to this issue is to provide bio-based packaging materials. Polysaccharides, protein,
lipids, and polyester have been used to form biopolymer packaging films (Khalid et al.
2024). Because a single biopolymer may not have all the desirable film characteristics,
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polymer blending is one of the main strategies employed to develop packaging films that
will have a wide range of application potential (Muthuraj et al. 2018).

The present study investigated the biodegradable polymers poly(vinyl alcohol) and
carboxymethyl cellulose for use in the food packaging industry. Carboxymethyl cellulose
(CMQC) is a versatile cellulose derivative that has garnered significant attention in the food
packaging sector. Synthesized through the alkylation and etherification of cellulose, CMC
possesses unique physical and chemical properties that enhance the integrity and
sustainability of food packaging materials. Its utility arises primarily from its excellent
film-forming capability, biocompatibility, and favorable mechanical and gas barrier
characteristics, making it a preferred choice in both food processing and packaging
applications (Sayanjali ef al. 2024; Biswas et al. 2023). As food safety and sustainability
become increasingly paramount, CMC’s biodegradable nature offers an eco-friendly
alternative to traditional plastic packaging materials, due to its renewability and
biodegradability (Wang et al. 2024; Zafar et al. 2022). However, despite these advantages,
CMC presents several limitations that can hinder its effectiveness in specific applications.
Potential drawbacks of CMC include its poor water resistance, its tendency to dissolve
quickly when exposed to water, and its demonstrated limited mechanical properties such
as tensile strength and flexibility (Wang et al. 2024; Zhang et al. 2023).

Polyvinyl alcohol (PVOH) is gaining increasing prominence in the field of food
packaging due to its unique properties and advantages. As a biodegradable and water-
soluble polymer, PVOH is characterized by its biocompatibility, non-toxicity, and high
mechanical strength, making it an attractive option for sustainable packaging solutions
(Zhang et al. 2023). Despite its beneficial properties, PVOH also has notable drawbacks.
The most significant limitation lies in its high-water solubility and susceptibility to
moisture absorption, which can impair its mechanical properties and lead to film
deterioration in humid environments (Zhang ef al. 2023; Channa et al. 2022; Terzioglu and
Sicak 2021).

Both CMC and PVOH can benefit from synergistic approaches, wherein they are
combined with other materials to overcome individual limitations. Research has shown that
blending CMC with PVOH can create composite films that capitalize on the respective
advantages of each polymer while mitigating their disadvantages, such as brittleness found
in pure CMC films (Zhang ef al. 2023; Hashmi ef al. 2021). These blends can optimize
mechanical characteristics, moisture resistance, and biodegradability, thereby paving the
way for advancements in food packaging solutions. Indeed, to the best of the authors’
knowledge, few works have been conducted on edible films based on PVOH/CMC
polymers with different antimicrobial agents (Elgharbawy et al. 2024; Hosseini et al.
2013). Hussain et al. (2023) reported on antimicrobial packaging film based on
biodegradable PVOH/CMC-ascorbic acid. The films exhibited excellent microbial activity
against Staphylococcus aureus and Escherichia coli. However, a lower percentage of
PVOH showed a better result in terms of high mechanical strength, uniform morphology,
higher soil burial degradation and lower water transmission rate. Ghaderi et al. (2019)
developed biodegradable tertiary films based on PVOH, CMC, and fish gelatin. The result
showed that adding different ratios of fish gelatin significantly reduced the solubility,
tensile strength, as lowest the values of moisture content, contact angle, whiteness index,
and water vapour permeability. Meanwhile, Baysal et al. (2023) reported that PVOH/CMC
films that incorporated with AgNPs from Plectranthus amboinicus (PA) displayed better
mechanical strength and morphological properties than pure PVOH/CMC film. The film
also exhibited significant antibacterial activities against Bacillus spizizenii, Staphylococcus
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aureus, Salmonella typhi, and Escherichia coli. According to Muppalla et al. (2014), 1%
CMC exhibited excellent film forming properties; however, the films formed had weak
mechanical properties. The mechanical properties of CMC films can be improved by
blending with other polymers. Both CMC and PVOH have significant potential in food
packaging applications, especially when chemically crosslinked using citric acid. The use
of citric acid as a crosslinking agent has demonstrated notable advantages, enhancing the
mechanical properties and functional capabilities of the resulting films.

Citric acid has been shown to serve as an effective, non-toxic crosslinker for both
CMC and PVOH. Its ability to form ester linkages between hydroxyl groups present in
these polymers can enhance the structural integrity of the films, providing improved
mechanical strength and resistance to water solubility, which is particularly beneficial in
food packaging scenarios where moisture control is crucial (Dong ef al. 2021; Shi and
Yang 2015). Recent studies have shown that citric acid can facilitate the formation of
highly crosslinked networks within PVOH films through a thermal curing process. This
reaction promotes intermolecular interactions, yielding films with enhanced durability and
water resistance (Dong ef al. 2021; Shi and Yang 2015). Additionally, incorporating citric
acid into CMC matrices can also address solubility issues, support the delivery of moisture-
sensitive food products while extend shelf life (Reddy and Yang 2010).

This structured study highlights the innovative potential of combining activated
carbon with CMC and PVOH in food packaging, addressing consumer needs for
sustainable and effective solutions while providing appropriate references for further
exploration in this field. Activated carbon is widely recognized for its high surface area,
porous structure, adsorption capability, thermal stability, and light barrier properties, thus
making it a promising additive for active food packaging.

EXPERIMENTAL

Materials Preparation

Gelatin from cold water fish skin and chitosan (medium molecular weight, 75 to
85% deacetylated) were purchased from Sigma Alderich (St. Louis, MO, USA), glycerol
(analytical grade) and food acetic acid were purchased from Merck Chemicals Co.
(Darmstadt, Germany). All other regents used in this study were analytical grade and
supplied by (R&M Chemicals).

Preparation of Carbonized Biomass

Lignocellulosic biomass (palm kernel shell) was washed with distilled water to
remove dust and other interfering particles and dried in sunlight for a few days. This shell
was crushed into a fine powder and had been treated with chemicals prior to two-stage
continuous physical activation. The ash forming elements contain high amounts of ash,
such as potassium, silica, sodium, efc., and were removed after being impregnated with
H3POs4 at ratio of 1:1 with distilled water at 80 °C for 2 h. The suspension was washed
using distilled water and dried before physical activation. The activated carbon powder was
ground and sieved to obtain a uniform particle size of less than 100 um prior to
incorporation into the film-forming solution.
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Two stage continuous physical activation

For two-stage continuous physical activation, the chemical pretreated was
carbonized continuously in two stages of different carrier gases: air and N2. For “N2 > Air”
activation, the pretreated samples were carbonized in N2 before undergo air activation.
While for “Air > N2 activation, samples were carbonized with air and followed by N2
activation. The activation was set constantly at 700 °C, after which the product was cooled
to room temperature by flowing N2 through carbonized samples and was kept in desiccator
for further analysis.

Preparation of the Film
CMC/PVOH film

The CMC/PVOH composite films were prepared via solution casting. A 5% (w/v)
PVOH solution was dissolved at 95 °C and cooled to room temperature before mixing with
a 1% (w/v) CMC solution at a 50:50 weight ratio. Glycerol (1% v/w of polymer) and citric
acid (0 to 50% w/w of polymer) were subsequently incorporated, followed by magnetic
stirring for 4 h. The homogeneous mixtures were cast into 9-cm-molds and dried at 23 to
25 °C for 72 h, yielding films with an average thickness of 90 + 12 um. The authors
acknowledge that the drying condition used in the present study may have resulted in
limited esterification between citric acid and the polymer matrix. The resulting samples
were designated with the labels CMC/PVOH-CA0, CMC/PVOH-CA20, CMC/PVOH-
CA30, CMC/PVOH-CA40, and CMC/PVOH-CAS0, according to citric acid content. The
citric acid concentration was varied to evaluate its influence on film water solubility. Prior
to analysis, the films were conditioned at 25 °C and 50 + 1% relative humidity for 48 h.

CMC/PVOH film with activated carbon (CB)

The CMC/PVOH film with the lowest water solubility was selected to analyze
effect of CA addition on the film properties. The CA was added into CMC/PVOH-CA film
forming solution at 0.25, 0.50, and 0.75% w/w (weight of polymer) and prepared to a film
using the same procedure as CMC/PVOH film, respectively. The films obtained at 0.25,
0.50, and 0.75% of AC were designated as CMC/PVOH-AC0O, CMC/PVOH-ACO0.25,
CMC/PVOH-ACO0.50, and CMC/PVOH-ACO0.75, respectively.

Characterization of Films

Water solubility of the films was carried out according to the method of Gontard,
Guilbert, and Cuq (1992). Three pieces (1 x 4 cm?) of film were weighed (+ 0.0001 g) and
subsequently dried in an air-circulating oven at 105 °C for 24 h. After this time films were
recovered and re-weighed (= 0.0001 g) to determine their initial dry weight (Wj).
Afterwards, the samples were immersed in 30 mL of distilled water and the system gently
shaken (100 rpm) for 24 h at room temperature (22 to 25 °C). The samples were then passed
through a filter paper (Whatman 1). Then, the filter paper together with un-solubilized
fraction was dried in a forced-air oven (105 °C, 24 h) and weighed (7). The film solubility
(FS%) was calculated using the following equation, FS (%) = (Wi- Wr)/Wi x100, where W;
was the initial dry film weight (g) and W was the weight (g) of the final dry weight.

A universal testing machine (Cometech Model QC-508B1) equipped with a 60 N
load-cell was used to measure tensile strength (TS), elongation at break (EA%), and elastic
modulus (EM) according to the standard method ASTM D882-09 (2009). The test was
performed in the controlled room at 25 °C and 50 = 1 RH. Ten film samples (2 cm x 4 cm)
with the initial grip length of 3 cm were used for testing. The film samples were clamped
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and deformed under tensile loading with the cross-head speed of 30 mm/min until the
samples were broken. The maximum load and the final extension at break were used for
calculation of TS, EA%, and EM, respectively.

Thermo-gravimetric analysis was conducted using TGA-1 (Mettler Toledo
Instrument) from room temperature to 600 °C at a heating rate of 10 °C/min under a
nitrogen atmosphere. Prior to testing, the films were conditioned in a desiccator containing
dried silica gel for two weeks at room temperature at 23 to 25 °C to ensure complete
dehydration.

The thermal transitions of the films were analyzed using a DSC 200-F3 Maia
(Netzsch, Germany). Approximately 10 mg of pre-dried sample was sealed in an aluminum
pan and scanned from -50 °C to 150 °C at a heating rate of 10 °C/min, with an empty
aluminum pan as the reference. Before DSC measurement, the samples were conditioned
in silica-gel desiccator for two weeks at 23 to 25 °C to remove residual moisture.

The film samples were dried in a desiccator containing silica gel for 2 weeks before
analysis. Pieces of film 2 cm in diameter were sandwiched between two KBr disks. The
FTIR spectra were recorded from wave 400 to 4000 cm™” in a Bruker Equinox 55
spectrometer (Bruker Banner Lane, Coventry, Germany).

Antimicrobial activity of films was carried out against Staphylococus aureus
(Gram-positive) and Escherichia coli (Gram-negative) according to Disc diffusion method.
Paper discs coated with 50 mg/mL of penomycin and distilled water were used as the
positive and negative controls, respectively. The active films were aseptically cut into 6
mm diameter size, and five samples were placed on a Petri dish containing Nutrient Agar
(Merck, Germany). Then, the Petri dish was incubated at 37 °C for 24 h, and the inhibition
zone surrounding the film was measured in mm by using a digital micrometer. All
experiments were conducted in triplicate unless otherwise stated. Data were analyzed using
one-way analysis of variance (ANOVA), and significant differences between mean values
were determined at p < 0.05.

RESULTS AND DISCUSSION

Characterization of CMC/PVOH Films Incorporated with Citric Acid

To select a suitable film composition for analyzing the effect of activated carbon
on film properties, different concentrations of citric acid (CA) in CMC/PVOH films were
comparatively evaluated based on their water solubility and physical characteristics. The
film properties with different CA concentrations were characterized focusing on a lower
water solubility of film.

The opacity of packaging films is a critical factor influencing both consumer
preference and food quality preservation. In contemporary food packaging, consumers
often favor visually transparent films that allow them to see the packaged products.
However, an overly transparent film permits light transmission that can accelerate photo-
oxidative reactions, particularly in lipid-rich foods, leading to adverse effects on food
safety and quality (Flueck 2022).

In the present study, the CMC and PVOH films, modified with varying
concentrations of CA, demonstrated a clear and uniform optical appearance. However, an
increasing concentration of CA affected the films’ optical properties; specifically, the
opacity tended to increase with higher CA concentration. This phenomenon can be
attributed to the role of CA in modifying the polymer matrix’s structure.
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Citric acid, with its multiple hydroxyl and carboxyl functional groups, can serve to
enhance the interchain bonding within the CMC/PVOH blend. As a crosslinker, CA may
disrupt the efficient packing of polymer chains, leading to a more loosely organized matrix.
Consequently, this structural alteration results in increased scattering of light, thereby
increasing the opacity of the films (Sutharsan et al. 2022; Zhang et al. 2018). This increase
in opacity suggests that the films formed at higher concentrations of CA could potentially
offer enhanced barrier properties against light, which is especially beneficial for packaging
lipid-rich foods that are sensitive to photo-oxidation.

Film thickness is a critical parameter in food packaging due to its influence on
barrier and mechanical properties. In this study, the standardized CMC/PVOH ratio (50:50)
ensured consistent thickness across samples, allowing the effect of CA as a crosslinker to
be isolated. While CA concentration did not alter thickness, it enhanced mechanical
strength, stiffness, and thermal stability via ester linkage formation, while preserving
effective moisture and gas barrier performance. Table 1 shows that CMC/PVOH films
formulated without citric acid achieved the lowest film thickness when compared to those
with varying concentrations of citric acid (20%, 30%, 40%, and 50%). This can be
attributed to several interrelated factors associated with the chemical and physical
interactions. According to Wilpiszewska et al. (2019) and Sonker et al. (2017), increased
concentrations of citric acid can lead to a higher crosslinking density within the film matrix.
This denser network effectively restricts the mobility of polymer chains, which typically
results in films with enhanced mechanical properties, but less flexibility compared to films
with lower citric acid concentrations. Moreover, the presence of citric acid may alter the
evaporation rate of the solvent during film formation. With lower concentrations of citric
acid (such as 0%), there might be less interaction within the matrix, resulting in thinner
films because of a lack of structure that retains water or engages it differently during the
drying process (Wu et al. 2017).

The CMC/PVOH films with 30% citric acid exhibit the lowest water solubility
compared to those with the 0% or 20% levels, but they showed an increase in solubility at
40% and 50% citric acid. This can be attributed to the interplay between crosslinking
density, molecular interactions, and the plasticizing effect of citric acid. Although the
curing conditions were too mild to expect development of ester linkages in the present
work, it is possible that calcium ions bridges were formed between adjacent carboxylate
groups. At lower concentrations of citric acid (0% to 20%), there may be insufficient
crosslinking to improve mechanical stability while maintaining low solubility. At 30%
citric acid, the crosslinking might reach an optimal point where the polymer network is
sufficiently dense, inhibiting water uptake and leading to the observed lower water
solubility (Huang et al. 2023). At 40% and 50% citric acid, it could be suggested that an
excess amount causes different interactions within the polymer matrix. Although more
crosslinking typically means lower solubility, high concentrations of citric acid may also
introduce increased hydrophilicity due to the surplus of carboxyl groups, potentially
leading to greater water solubility as the film interacts more with water molecules
(Wilpiszewska et al. 2019). At 40% and 50% citric acid, additional citric acid can disrupt
the intermolecular hydrogen bonds between CMC and PVOH, while simultaneously
enhancing interaction with water, resulting in a film that can absorb more moisture and
exhibit higher solubility. This scenario contrasts with the 30% concentration, where the
film’s rigidity may prevent effective water penetration (Li et al. 2018). Among the tested
formulations, the film containing 30% citric acid exhibited the lowest water solubility
while maintaining acceptable film integrity and appearance. Therefore, this formulation
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was selected for subsequent incorporation of activated carbon and further characterization

studies.

Table 1. Effect of CA Incorporation on the Physical Properties of CMC/PVOH

Films
CMC/PVOH Film Transmittance (%) Film Thickness (mm) Water Solubility (%)
CMC/PVOH-CAO High (90%) 0.019 100% (fully soluble)
CMC/PVOH-CA20 | Slightly lower (80%) 0.158 80% (lower than CAOQ)
CMC/PVOH-CA30 Lower (70%) 0.159 Lowest
CMC/PVOH-CA40 Lower (60%) 0.161 Higher than CA30
CMC/PVOH-CA50 Likely even lower 0.165 Higher than CA40

(50%)

Values are expressed as mean + standard deviation (n = 3). Different superscript letters within the
same column indicate significant differences at p < 0.05.

The CMC/PVOH incorporated with 30% CA revealed the lowest percentage of
water solubility and was consequently chosen to study the effect of the addition of AC on
packaging film properties. The properties of the CMC/PVOH-CA30 with various AC
content were studied.

Characterization of CMC/PVOH Films with Activated Carbon
FTIR spectroscopy

FTIR spectroscopy is a powerful analytical technique used to identify chemical
functionalities and characterize interactions of polymer chains in various materials,
including polymer blends. The FTIR spectra of CMC, PVOH, and their blended films are
presented in Fig. 1. Notably, all the peaks observed in CMC and PVOH films also appeared
in the CMC/PVOH blend, although with slight shifts in their wavenumber values,
indicating possible interactions between the polymer chains.

In the FTIR analysis, PVOH exhibited a broad absorbance band between 3200 and
3530 cm™, corresponding to -OH stretching vibrations. Specific peaks for -CH stretching,
-CH bending, and -C-O stretching were found at 2973, 1406, and 1055 cm™, respectively
(Mali et al. 2018). Similarly, CMC displayed a strong broad band for -OH stretching at
3200-3510 cm™!, along with -CH asymmetric stretching and -COO ester asymmetric
stretching peaks at 2906 and 1590 cm™ (Mali et al. 2018). Additionally, peaks for CH: and
-OH bending were evident at 1417 and 1325 cm™, respectively, revealing the rich
functional group profile of CMC.

The role of citric acid (CA) within the CMC/PVOH films is noteworthy, as its
incorporation appreciably influenced the characteristic peak at 1710 cm™, possibly
associated with carbonyl-related intermolecular interactions within the polymer matrix.
Additionally, a sharp absorbance band at 1752 cm™, characteristic of the C=0O group in
CA, was observed, which was insignificant in the CMC/PVOH film lacking CA. This
spectral change may indicate partial intermolecular interactions and limited crosslinking
effects within the polymer matrix under the present drying conditions (Yuan et al. 2024).
On the other hand, the absence of an absorbance band at 1752 cm™ suggests that there was
no significant development of ester linkages. Citric acid, often used as a non-toxic
crosslinking agent, showcases its potential in modifying physiochemical properties while
promoting effective interchain bonding (Yuan ef al. 2024).

Analysis of CMC/PVOH films with varying concentrations of activated carbon
(AC) demonstrated that the addition of AC did not appreciably alter the FTIR spectra. This
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lack of change indicates that AC was incorporated effectively into the film matrix without
initiating chemical reactions with CMC or PVOH (Ianchis et al. 2023). The stability of the
spectra reinforces the notion that AC serves primarily as a filler or reinforcing agent, rather
than as a reactive component, thus preserving the structural integrity of the blended films.

In summary, FTIR spectroscopy effectively revealed chemical interactions and
functionalities of CMC/PVOH films, elucidating the impact of citric acid and affirming the
compatibility of activated carbon within the polymeric matrix. These findings align with
related literature that highlights the ability of citric acid to enhance the properties of various
biopolymer blends while maintaining a favorable interaction with other components
(Azeredo et al. 2015).
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Fig. 1. FTIR spectra of the (a) CMC, (b) PVOH, (c) CMC/PVOH, (d) CMC/PVOH-ACO0.25, (e)
CMC/PVOH-ACO0.50, and (f) CMC/PVOH-ACO0.75

Mechanical performance test

The mechanical properties of the CMC/PVOH films exhibited noticeable variation
depending on their composition, as presented in Table 2. Pure CMC films typically exhibit
a relatively high tensile strength; however, the CMC films tend to show a low elongation
at break, highlighting a brittle nature typical of polysaccharide-based films. This brittleness
is attributed to strong intermolecular hydrogen bonding.

The blending of CMC and PVOH without activated carbon led to a notable
reduction in tensile strength, which should be accurately presented with specific
experimental values from relevant studies. The increase in elongation at break to 682.44%
indicates pronounced plasticization effects, likely stemming from molecular interactions
between CMC and PVOH that disrupt crystalline domains, thereby enhancing chain
mobility. Wang et al. (2017) provide insights into this behavior, supporting the assertion
regarding the effects of molecular interactions on mechanical properties (Zafar et al. 2022).

It is worth mentioning that the addition of activated carbon at a loading of 0.25%
resulted in a decline in tensile strength and elongation at break. This reduction is likely due
to particle agglomeration and suboptimal interfacial adhesion, which can create stress
concentration points. Zhou et al. (2016) support the notion of how filler materials can
adversely affect mechanical performance (Zhang et al. 2023). At a higher carbon black
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loading of 0.75%, there was a slight improvement in tensile strength, while elongation at
break decreased. This trend suggests that although some reinforcement effects arise from
the carbon filler, it also restricts polymer chain mobility. This observation aligns with
findings from Mark et al. (2019) and Ismail and Shafiq (2014), which highlight the
correlation between increased filler loading and enhanced tensile strength on composite,
but then reduction in elongation due to the stiffening effect caused by the less compatible
hydrophobic matrices. The notion is supported by Huang and Zhang’s research, which
concluded that incorporating wood fillers into high-density polyethylene composites led to
a significant decrease in elongation at break while enhancing rigidity, aligning with the
general behavior of composite materials containing high-stiffness fillers (Huang and Zhang
2008; Leite-Barbosa et al. 2024).

These findings emphasize that blending CMC and PVOH can enhance film
flexibility, whereas the incorporation of activated carbon requires careful optimization of
dispersion and interfacial bonding to improve tensile performance without compromising
ductility. However, additional comparative studies involving films prepared without citric
acid under identical conditions would provide further clarification regarding the specific
contribution of citric acid to the mechanical performance of the developed films.

Table 2. Tensile Strength, Elongation at Break of the CMC/PVOH Film
Incorporated with Various AC Contents

Films Mechanical Properties
Tensile strength (MPa) Elongation at break (%)
CMC 31.40 12.26
PVOH 35.93 327.94
CMC/PVOH-ACO 12.29 682.44
CMC/PVOH-ACO0.25 6.36 134.96
CMC/PVOH-ACO0.50 12.94 105.80
CMC/PVOH-ACO0.75 17.42 62.06
TGA and DTG

The thermal degradation behaviour of the neat and composite films exhibited
multiple stages, as commonly observed in polysaccharide-based blends (Fig. 2). The initial
weight loss below 150 °C was attributed to the removal of physically bound moisture,
while the second major decomposition stage between 250 and 350 °C corresponded to the
breakdown of PVOH and CMC polymer backbones. Similar thermal events have been
reported for PVOH/CMC-based films, approximately 65% of the polymer may degrade,
resulting in mass loss and a deterioration of mechanical properties (Manne et al. 2025;
Hussain et al. 2023).

Incorporation of activated carbon at increasing loadings (0.25 to 0.75%) influenced
both the onset and maximum degradation temperatures, with films containing higher
activated carbon showing slightly enhanced thermal stability. Well-dispersed carbon fillers
in polymer matrices can effectively protect polymer chains from external thermal radiation,
thereby increasing the maximum temperature of thermal decomposition and slowing
polymer degradation, while the presence of carbon microspheres further enhances this
effect by catalyzing the formation of crosslinked carbon structures that protect the matrix
from heat and oxygen (Rybinski et al. 2021; Xue et al. 2017).

The char residue at 600 °C also increased in proportion to the activated carbon
content, indicating the formation of thermally stable carbonaceous structures. Such
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improvements are consistent with prior reports where carbonaceous fillers improved the
high-temperature resistance of polymer composites (Lim ez al. 2024; Rybinski et al. 2021;
Xue et al. 2017).

Overall, the TGA and DTG results suggest that although the fundamental
degradation mechanisms of PVOH/CMC remain dominant, the presence of activated
carbon enhanced thermal stability and residual yield. This provides further evidence of the
reinforcing role of activated carbon in bio-based films, which may be advantageous for
packaging applications requiring improved heat resistance and dimensional stability (Lim
et al. 2024).
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Fig. 2. TGA and DTG of the CMC, PVOH, CMC/PVOH, CMC/PVOH-ACO0.25, CMC/PVOH-
ACO0.50, and CMC/PVOH-ACO0.75

Digital scanning calorimetry

The DSC thermograms (Fig. 3) of neat and composite films revealed distinct
transitions associated with glass transition (7g) and melting (7m). Neat PVOH/CMC films
exhibited a clear 7 followed by a broad endothermic peak, reflecting partial miscibility
and semi-crystalline domains. With the incorporation of activated carbon, a slight increase
in T and a decrease in melting enthalpy (AHm) were observed, suggesting restricted chain
mobility and disruption of crystalline packing. This reduction in crystallinity is consistent
with filler—matrix interactions where activated carbon serves as a physical barrier to
polymer chain alignment (Lim et al. 2024).

These DSC findings complement the TGA/DTG analysis, which demonstrated
enhanced thermal stability of the activated carbon—reinforced composites. The decreased
mobility of the polymer chains facilitates enhanced stability during heat exposure. This
effect has been corroborated by the findings of Xue et al. (2017), who note that restricted
molecular motion protects functional groups within the polymer chain from thermal
degradation pathways, resulting in improved thermal resistance. The presence of activated
carbon not only disrupts crystallization but also promotes the formation of thermally stable
residues, thereby improving the overall resistance to degradation (Xu et al. 2017).
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Fig. 3. DSC of the CMC, PVOH, CMC/PVOH, CMC/PVOH-ACO0.25, CMC/PVOH-AC0.50, and
CMC/PVOH-ACO0.75

Antimicrobial activity

The antibacterial evaluation of the four prepared films, namely PVOH/CMC
(control), PVOH/CMC with 0.25% activated carbon, PVOH/CMC with 0.50% activated
carbon, and PVOH/CMC with 0.75% activated carbon, against Staphylococcus aureus and
Escherichia coli revealed no inhibition zones for any sample. The antimicrobial evaluation
was conducted based on previous studies suggesting that activated carbon-containing
materials and citric acid may contribute to microbial suppression through adsorption effects
and acidic interactions. However, the concentrations incorporated in the present study were
insufficient to produce measurable inhibition zones. This result demonstrates that neither
the base PVOH/CMC matrix nor the incorporation of low concentrations of activated
carbon imparted antimicrobial properties.

The absence of inhibition zones in the control PVOH/CMC films is consistent with
earlier studies that reported no antibacterial effect in pure PVOH/CMC systems without
active biocidal agents. For example, Mohammed et al. (2022) found that PVOH/CMC
films exhibited no growth inhibition against E. coli until silver hydroxyapatite
nanoparticles were incorporated, after which clear inhibition zones were observed.
Similarly, Bahrami and Fattahi (2021) demonstrated that CMC-PVOH films without
additives failed to inhibit S. aureus and E. coli, while the inclusion of Glycyrrhiza glabra
L. essential oil produced significant antibacterial activity.

Recent work by Manne et al. (2025) also supports this trend. They reported that
PVOH/CMC films doped with Ag nanoparticles exhibit potent antibacterial activity against
strains, such as Staphylococcus aureus and Escherichia coli, thereby achieving significant
bacterial inactivation in short durations.

From a mechanistic perspective, the lack of antibacterial activity in the activated
carbon loaded films can be attributed to the inert nature of activated carbon in this context.
Activated carbon is widely valued for its high surface area, adsorption capacity and role in
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filtration applications (Kiiciik and Onal 2021), yet it does not release antimicrobial agents
nor generate reactive species capable of disrupting bacterial membranes. In contrast, silver-
based additives release Ag" ions that interact with bacterial cell walls and proteins, while
plant-derived bioactives contain polyphenols, terpenoids and other compounds exhibit
antimicrobial properties, which can help prolong the shelf life of food by inhibiting
microbial growth (Madian et al. 2025; Manne et al. 2025).

To develop PVOH/CMC films with dual functional properties, future studies could
explore the co-incorporation of activated carbon with known antibacterial agents such as
silver nanoparticles, zinc oxide nanoparticles, or essential oils. This approach could
potentially combine the barrier and adsorption properties of activated carbon with the
bactericidal activity of the added agents.

CONCLUSIONS

This study successfully developed biodegradable CMC/PVOH films containing
citric acid and reinforced with activated carbon for potential food packaging applications.

1. Films containing 30% citric acid demonstrated the lowest water solubility, indicating
enhanced water resistance compared to other formulations.

2. The incorporation of activated carbon contributed to improved thermal stability and
increased residual char formation while maintaining acceptable mechanical
performance of the films.

3. Fourier transform infrared (FTIR) was used to evaluate intermolecular interactions and
ester linkages within the polymer matrix after incorporation of citric acid and activated
carbon. There was no evidence of ester formation, which is consistent with the mild
conditions employed (no heating step).

4. Although activated carbon did not exhibit antimicrobial activity against
Staphylococcus aureus and Escherichia coli, the developed films demonstrated
potential as sustainable bio-based packaging materials.

5. Future studies should investigate the incorporation of additional antimicrobial agents
and evaluate barrier properties to further enhance the multifunctional performance of
the developed films for active food packaging applications. In addition, the present
work can be extended by work in which films are cured over a range of temperatures
and times to increase the opportunity for ester bond formation, leading to possible
crosslinking.
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