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ABSTRACT

This study developed a chitosan-based edible coating enriched with liquid smoke derived from the pyrolysis of oil
palm empty fruit bunches (OPEFB) and neem (Azadirachta indica) leaf extract as a sustainable alternative to syn-
thetic packaging. The coating was prepared using liquid smoke (1-3% v/v), gelatin (1% w/w), chitosan (1% w/w),
and neem extract (2%). Liquid smoke was obtained through OPEFB pyrolysis at 300-380 °C. The coatings were
characterized using Fourier transform infrared spectroscopy (FTIR) and X-ray fluorescence (XRF), and evaluated
for total flavonoid content, minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC),
and antimicrobial activity against Gram-positive and Gram-negative bacteria using the Kirby-Bauer disk diffusion
method. FTIR spectra confirmed the presence of hydroxyl, amine, and phenolic groups responsible for structural
stability and antimicrobial functionality, while mineral components such as P.Os, MgO, and CaO enhanced the
film matrix. The formulation containing 1% liquid smoke derived at 340°C showed the highest flavonoid content
and strongest antimicrobial effect against Escherichia coli, Salmonella Typhimurium, Staphylococcus aureus, and
Bacillus subtilis. Inhibition zones were classified as strong against E. coli (14.87-17.57 mm) and S. Typhimurium
(11.77-12.09 mm), and moderate against S. aureus (7.25-8.44 mm) and B. subtilis (9.79—-10.39 mm). These results
indicate that antimicrobial activity was influenced not only by flavonoid concentration but also by synergistic ef-
fects of other bioactive compounds. The developed coating shows potential as a natural food preservative while
supporting circular economy practices through agricultural waste utilization.

Keywords: edible coating, chitosan, OPEFB liquid smoke, neem extract, antimicrobial activity.

INTRODUCTION disposal practices. The food packaging industry

is one of the largest contributors to this problem,

Plastic waste has become a major contributor  accounting for nearly 36% of global plastic pol-

to environmental pollution, affecting terrestrial and
aquatic ecosystems. Its pervasive dispersal into the
oceans has resulted in serious impacts on human
health and the global economy. Worldwide plas-
tic production exceeds 400 million tons annually,
equivalent to approximately 11 tons per second or
about 68 kg per person per year (Mohajan, 2025).
Unfortunately, most plastics are poorly man-
aged due to low recycling rates and unsustainable

lution (Das et al., 2025). This issue stems largely
from the dominance of petroleum-based plastics,
which are non-biodegradable and persist in the en-
vironment for extended periods, posing significant
challenges to environmental preservation and the
transition toward sustainable production systems.
In response, food packaging technology is
evolving, with growing emphasis on natural and
environmentally friendly materials as alternatives
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to synthetic plastics. One promising innovation
is the use of edible coatings — thin, consumable
films that act as natural preservatives. These coat-
ings protect food products from physical damage,
oxidation, and microbial contamination while
enhancing their nutritional and functional proper-
ties (Pandev et al., 2025; Pellegrino et al., 2024).
As biodegradable and non-toxic materials, edible
coatings offer an innovative and sustainable ap-
proach to extending food shelf life and reducing
dependence on single-use plastic packaging.

Edible coatings are typically formulated us-
ing polysaccharide-based materials such as chi-
tosan, alginate, pectin, carrageenan, and gum
(Rostamabadi et al., 2024). However, polysac-
charide-based coatings alone often exhibit lim-
ited effectiveness in preventing chemical and
microbiological spoilage (Nunes et al., 2023).
Among these materials, chitosan has emerged as
a particularly promising biopolymer for edible
coatings. Chitosan is a natural polysaccharide
derived from the deacetylation of chitin, the pri-
mary structural component of crustacean shells
such as shrimp, crabs, and other marine organ-
isms (Ali et al., 2024). It possesses good film-
forming ability, biodegradability, and intrinsic
antimicrobial properties, making it a common
choice for edible coating formulations (Pan et
al., 2024). Despite these advantages, the antimi-
crobial activity of pure chitosan remains modest
(Bajer et al., 2020). Therefore, enhancing chito-
san-based coatings by incorporating additional
bioactive agents with antimicrobial and anti-
oxidant functions has become a major research
focus. One promising strategy involves the uti-
lization of agricultural by-products as sources of
such active compounds.

Indonesia, one of the world’s largest palm oil
producers, generates substantial amounts of agri-
cultural waste, particularly oil palm empty fruit
bunches (OPEFB). Converting this residue into
value-added product like liquid smoke supports
waste utilization and contributes to achieving
Sustainable Development Goals (SDGs). Liquid
smoke derived from agricultural biomass — such
as durian rinds (Faisal et al., 2025), cocoa shells
(Desvita et al., 2022), and rice husks (Arundina
et al., 2024) — has shown great potential as an
additive in edible coatings to enhance antimi-
crobial and antioxidant properties. It is typically
produced through pyrolysis, a thermal decompo-
sition process that yields a liquid rich in phenolic
compounds and organic acids, which are known
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for their strong antimicrobial and antioxidant ac-
tivities (Brustolin ef al., 2024).

In addition to liquid smoke, neem (Azadi-
rachta indica) leaf extract has long been recog-
nized for its antimicrobial and antifungal poten-
tial, attributed to bioactive compounds such as
azadirachtin and nimbin (Acharya, 2025; Singh
et al., 2024). Neem extract offers a natural, safe,
and renewable source of antimicrobial agents that
can act synergistically to enhance the biological
activity of edible coatings.

Previous studies have reported the develop-
ment of edible coatings based on various bio-
polymer systems, including polysaccharides (Fu
et al., 2025), proteins (Lieu et al., 2025), poly-
phenols (Kaniyamparambil et al., 2025), and lip-
ids (Yazicioglu et al., 2025). However, to date,
no studies have focused on the formulation of
chitosan-based edible coatings enriched with lig-
uid smoke and neem extract. Combining chito-
san with these natural bioactive ingredients could
yield coatings that are not only environmentally
friendly but also highly effective in prolonging
the shelf life of food products. This combination
is expected to improve the functional properties,
particularly its ability to inhibit the growth of
spoilage-causing microorganisms.

To ensure the feasibility of such a system
for food industry applications, a comprehensive
understanding of its structural and functional
characteristics is essential. Therefore, this study
aimed to develop and characterize a chitosan-
based edible coating enriched with OPEFB
liquid smoke and neem leaf extract. The evalu-
ation included analyses of the coating’s physi-
cochemical and antimicrobial properties using
Fourier transform infrared spectroscopy (FTIR),
X-ray fluorescence (XRF), total flavonoid con-
tent (TFC), minimum inhibitory concentration
(MIC), and minimum bactericidal concentration
(MBC), as well as antibacterial assays against
Gram-negative (Escherichia coli, Salmonella ty-
phimurium) and Gram-positive (Staphylococcus
aureus, Bacillus subtilis) bacteria. Through this
approach, the study seeks to provide an innova-
tive and sustainable solution for food preserva-
tion that not only enhances product safety and
shelf stability but also contributes to reducing
plastic waste and promoting the utilization of
agricultural residues.
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METHODOLOGY

Pyrolysis for liquid smoke production

Oil palm empty fruit bunches (OPEFB) were
dried and cut into small pieces before being sub-
jected to pyrolysis at 300 °C, 340 °C, and 380 °C,
following the preparation method of Faisal et al.
(2025b). The process yielded crude liquid smoke
(grade 3), which was subsequently purified by
distillation at approximately 190 °C to remove
tar components, producing grade 1 liquid smoke
suitable for edible coating formulation.

Formulation of the edible coatings

The edible coating was prepared based on
the method of Faisal et al. (2025) with slight
modifications. The formulation consisted of
liquid smoke (1%, 2%, and 3% v/v), gelatin
(1% w/w), chitosan (1% w/w), and neem leaf
extract (2% v/v) dissolved in distilled water to
a total volume of 100%. The mixture was ho-
mogenized and heated to 70 °C on a hot plate.
Neem extract, gelatin, and chitosan were then
added gradually with continuous stirring using
a magnetic stirrer until the mixture was homo-
geneous. The resulting solution was stored un-
der sterile conditions until use.

Edible coating evaluation

Characterization

Functional groups in the coatings were identi-
fied using Fourier Transform Infrared Spectros-
copy (FTIR) (Thermo Scientific Nicolet iS-10).
The elemental composition was analyzed using
X-Ray Fluorescence (XRF) (Bruker S2 PUMA).
Total flavonoid content (TFC) was determined
with a UV-Vis spectrophotometer (Shimadzu
UV-1800) and expressed as pg of quercetin
equivalent (QE) per gram of extract.

Antibacterial activity assay

Antibacterial activity was evaluated using
the Kirby-Bauer disk diffusion method, fol-
lowing Faisal et al. (2025a) with modifica-
tions. The tested microorganisms included the
Gram-negative bacteria Escherichia coli ATCC
25922 and Salmonella enterica serovar Typhi-
murium ATCC 14028, and the Gram-positive
bacteria Staphylococcus aureus ATCC 25923

and Bacillus subtilis ATCC 6633. Bacterial sus-
pensions were adjusted to the 0.5 McFarland
standard, spread on nutrient agar plates, and
overlaid with sterile paper discs containing the
edible coating solutions. Positive controls con-
sisted of standard antibiotics: vancomycin (30
ng) for S. aureus, gentamicin (10 pg) for E. coli
and S. Typhimurium, and chloramphenicol (30
ng) for B. subtilis. Distilled water served as the
negative control. After incubation, inhibition
zones were measured (in mm) as indicators of
antibacterial effectiveness. Data were analyzed
using one-way ANOVA, and significant diffe-
rences among treatments were determined by
LSD tests, employing SPSS version 22.

Determination of MIC and MBC

Minimum inhibitory concentration and mini-
mum bactericidal concentration were determined
against S. Typhimurium using a broth serial dilu-
tion method. Gentamicin (10 mg) and distilled wa-
ter served as positive and negative control, respec-
tively. The MIC was defined as the lowest concen-
tration that completely inhibited visible bacterial
growth, and the MBC as the lowest concentration
that completely killed bacterial cells, confirmed
through total plate count (TPC) analysis.

RESULTS AND DISCUSSION

FTIR analysis

Fourier transform infrared spectroscopy is
a widely used analytical technique for identify-
ing functional groups in both pure compounds
and complex mixtures. FTIR operates based on
the interaction between infrared radiation and
chemical bonds within molecules, generating
characteristic absorption spectra that reflect the
molecular structure and chemical composition
of the analyzed sample (Siddique, 2024). In this
study, FTIR analysis was performed to evaluate
the functional group characteristics of the edible
coatings from liquid smoke formulated at differ-
ent pyrolysis temperatures (300, 340, and 380 °C)
and concentrations (1%, 2%, and 3%), as illus-
trated in Figure 1.

The spectra show that all coatings exhi-
bited broad absorption bands between 3346
and 3362cm™!, corresponding to —OH stret-
ching vibrations from alcohols and phenols.
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Figure 1. FTIR spectra of edible coatings formulated with liquid smoke at various pyrolysis temperatures
and concentrations

This indicates the formation of intermolecular
hydrogen bonds among the coating compon-
ents, which contribute to the film’s structural
stability. This finding aligns with Shanbhag
et al. (2023), who reported that absorption in
the 3000-3500 cm™ range is characteristic of
hydrogen bonding in films composed of hy-
drophilic polymers such as starch and pectin.
Similarly, Paul ef al. (2018) observed compa-
rable peaks around 3360 cm™ in chitosan-based
edible coatings, attributed to —OH (hydroxyl)
and —NH (amine) stretching vibrations.

Strong absorption bands were also detected
between 1637 and 1640 cm™', representing the
stretching vibrations of amide carbonyl groups
(C=0) in gelatin, along with potential contri-
butions from aromatic C=C bonds associated
with phenolic compounds in the neem extract.
An additional absorption around 598-602 cm™
indicates aromatic C—H out-of-plane bending
vibrations. Compared to the spectra reported by
Paul et al., (2018), the peaks in this study exhi-
bited higher intensity and spectral complexity,
suggesting successful incorporation of bioacti-
ve compounds from neem extract and gelatin.
These compounds, containing aromatic pheno-
lic and nitrogen-bearing amine groups, are li-
kely responsible for enhancing the antimicrobi-
al and antioxidant properties of the developed
edible coating (Patil et al., 2024).
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XRF analysis

X-ray fluorescence analysis was conducted
to determine the elemental composition of the
edible coating formulations. XRF spectrometry
detects characteristic X-rays emitted from ele-
ments within a sample upon excitation by high-
energy X-rays (Vanhoof et al., 2025), allowing
qualitative and quantitative identification of che-
mical elements. The XRF results are presented
in Table 1.

As shown in Table 1, twelve elements were
identified across the edible coating formulations,
with no significant difference among them. The
most abundant component was phosphorus pent-
oxide (P20s) at 30.2%, while potassium (K) had the
lowest concentration at 1.3%. Faisal et al. (2025b)
reported similar findings in chitosan—starch-based
coatings derived from durian rind liquid smoke,
which contained elements such as chlorine (Cl),
calcium (Ca), magnesium (Mg), potassium (K),
phosphorus (P), silicon (Si), and sulfur (S), with
chlorine observed as the element with the highest
concentration and potassium as the element with
the lowest concentration. The presence of com-
ponents such as P.0s, MgO, and CaO suggests
a role in forming cross-links between chitosan
polymer chains and phenolic compounds from
the neem extract, potentially improving the coat-
ing’s mechanical strength and structural stability
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Table 1. Elemental composition of edible coatings as determined by X-ray fluorescence analysis

Element/
concentration A1C1 A1C2 A1C3 A2C1 A2C2 A2C3 A3C1 A3C2 A3C3
(Wt%)
CaO 7.4 8.4 7.3 7.9 8 7.6 7.4 7.7 7.7
Cl 124 11.9 12.3 13.2 12.8 12.9 10.7 11.8 11.6
K,0 2.1 3 1.6 2.2 2.2 2.2 23 2.6 2.6
MgO 23.2 233 24.7 24.6 23 23.6 22.7 246 23.7
P,O, 29.8 29.8 29.6 29.6 30.2 29.6 30.2 29.6 29.8
Sio, 9.3 9.5 94 9.6 9.6 9.1 9.3 9.7 94
Ca 5.3 6 5.2 5.6 5.7 55 5.3 5.5 55
K 1.7 25 1.3 1.8 1.8 1.8 1.9 2.2 2.1
Mg 14 14 14.9 14.8 13.9 14.2 13.7 14.9 14.3
P 13 13 12.9 12.9 13.2 12.9 12.9 13.1 13
6.3 5.7 6 5.2 5.7 6 7 5.5 6.1
Si 43 4.4 4.4 45 45 4.3 4.4 4.5 4.4

(Wang et al., 2020). Meanwhile, ions like Cl and
K may contribute to antimicrobial activity by dis-
rupting osmotic balance and cellular membrane
permeability in microorganisms. These findings
were in agreement with Milinovi¢ et al. (2022),
who characterized the macro mineral composition
of macroalgal biomass using ED-XRF analysis.
They demonstrated that macronutrient elements
such as P, Mg, Ca, and K in macroalgal biomass
contribute to both structural reinforcement and
biological protection against microbial pathogens.

Total flavonoid content

Flavonoids are plant-derived bioactive com-
pounds with potent antioxidant and antimicro-
bial properties, capable of scavenging free radi-
cals by donating electrons and thereby stabiliz-
ing reactive species. In particular, flavonoids in
liquid smoke have been reported to inhibit the
growth of microorganisms in meat and meat-
based processed products (Yan et al., 2024).
The TFC results for the coating formulations
are presented in Table 2.

As shown in Table 2, flavonoids were de-
tected in all samples, with concentrations rang-
ing from 16.05 to 146.25 pg QE/g extract.
The highest TFC was observed in formulation
A2C1 (pyrolysis temperature 340 °C, 1% liq-
uid smoke, 2% neem extract), yielding 146.25
ng QE/g extract, while the lowest was in A1C3
(300 °C, 3%) at 16.05 pg QE/g extract. Over-
all, the 340 °C pyrolysis condition yielded the
highest flavonoid content, particularly at lower

liquid smoke concentrations. This suggests that
340 °C optimizes the release of flavonoids from
the biomass without excessive thermal degrada-
tion, whereas lower temperatures (300 °C) are
insufficient for complete release and higher tem-
peratures (380°C) promote degradation due to
thermal instability (Lin and Xiao, 2024).

The flavonoid levels in these formulations
were lower than those reported for pure neem
extract, where methanolic extracts of neem
leaves can yield up to 85.05 mg QE/100 g, and
root bark and seed extracts reached 98.00 mg
QE/100 g (Kiranmai et al., 2012). The relatively
lower values here likely result from chemical in-
teractions among coating components that may
have altered flavonoid structures, specifically
the binding of flavonoids within the chitosan—
gelatin matrix, which may change their structure

Table 2. Total flavonoid content of edible coatings
formulated at different liquid smoke pyrolysis tempe-
ratures and concentrations

Sample Total flavonoid
(g QE/g extract)
A1C1 48.87
A1C2 70.52
A1C3 16.05
A2C1 146.25
A2C2 19.40
A2C3 50.58
A3C1 33.85
A3C2 36.28
A3C3 26.11
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or make them less detectable. Chitosan carries
a positive charge under acidic—neutral condi-
tions and contains reactive amino and hydrox-
yl groups capable of interacting with phenolic
structures (Ding et al., 2019; Mamand et al.,
2025; Fierri et al., 2024), while gelatin is known
to bind polyphenols through hydrogen bonding
and protein—polyphenol complexation (Feng
et al., 2023; Poungchawanwong et al., 2020).
These interactions promote hydrogen bonding
and ion—dipole complex formation (Fierri et al.,
2024; Wang et al., 2025), which can lead to the
binding or entrapment of flavonoids within the
chitosan-gelatin network. Such matrix effects
may alter flavonoid structures or reduce their ex-
tractability and, consequently, their detectability
in colorimetric assays.

At previous study has widely shown interac-
tions between chitosan-gelatin and flavonoid (via
hydrogen bonding and electrostatic interactions)
and in certain instances, covalent cross-linking
through Schiff base reactions between amino
groups and carbonyl donors (Zhang et al, 2023;
Dellali et al., 2021). Although these interactions
can stabilize the polymer matrix but may also re-
duce the availability or release of the bioactive
compounds embedded in it (Qiao et al., 2017).
Similarly, Zaidi et al., (2023) reported a much
higher TFC (583.72 mg QE/100 g fresh weight) in
a ginger-arabic gum coatings applied to “Surahi”
guava fruit, highlighting methodological differ-
ences: TFC in their study was measured in coated
fruit tissue, while in this work, it was determined
in the coating solution prior to application.

MIC and MBC

The antibacterial activity of the coatings was
further evaluated using MIC and MBC assays
against S. typhimurium. The MIC represents the
lowest concentration of an antimicrobial agent
that inhibits bacterial growth, while MBC is the
minimum concentration that completely elimi-
nates viable bacterial cells (Krochmal and Wich-
er, 2021; Tao et al., 2022). The results are pre-
sented in Tables 3 and 4.

The MIC results (Table 3) showed that the
edible coating containing 1% liquid smoke pre-
vented visible growth at all three pyrolysis tem-
peratures. However, media containing 2% and
3% liquid smoke became turbid, indicating a
loss of inhibitory activity. This observation was
consistent with the MBC results (Table 4), where
the number of microbial colonies was markedly
higher at the 2% and 3% concentrations. There-
fore, both the MIC and MBC were determined to
be at the 1% liquid smoke concentration. These
findings indicate that increasing the concentra-
tion of liquid smoke does not linearly enhance
antimicrobial activity and may even reduce it.
This phenomenon may be attributed to the Ea-
gle effect, or paradoxical effect, first described
by Eagle, (1948) in studies on penicillin, where
higher concentrations of an antimicrobial agent
led to reduced efficacy. A similar observation
was reported by Wu et al. (2015), who found
that high concentrations of fluoroquinolone de-
creased bactericidal effectiveness against My-
crobacterium smegmatis.

Table 3. Minimum inhibitory concentration of edible coatings against S. Typhimurium

A1 A2 A3
C1 Clear Clear Clear
Cc2 Turbid + Clear Turbid+
C3 Turbid ++ Turbid + Turbid +++
K+ Clear Clear Clear
K- Turbid +++ Turbid +++ Turbid +++
Table 4. Minimum bactericidal concentration of edible coatings against S. typhimurium
A1 A2 A3
Replicate K+ K-
C1 C2 C3 C1 Cc2 C3 C1 C2 C3
1 2 6 22 1 5 10 14 22
0 >500
2 10 46 1 5 50 12 50

Note: Values are means + standard deviation (n = 3). Means within the same column followed by the same letter
are not significantly different according to Tukey’s test at P < 0.05.

136




Journal of Ecological Engineering 2026, 27(4), 131-142

The present findings contrast with those
reported byMunira and Nasir (2023), who in-
vestigated the antibacterial activity of Chro-
molaena odorata (kirinyuh) leaf extract. Their
study demonstrated an MIC of 5% and an MBC
of 7% against S. aureus, with bacterial colony
numbers decreasing proportionally with incre-
asing extract concentration. The discrepancy
observed in this study is likely due to the com-
plex composition of liquid smoke and neem ex-
tract, which contain diverse active compounds
such as phenols, carbonyls, and organic acids.
At lower concentrations, these constituents may
have synergistic antimicrobial effect, but at hig-
her concentrations, antagonistic interactions
may occur, diminishing overall efficacy. This
interpretation aligns with Vaou et al. (2022),
who emphasized that mixtures of plant-derived

bioactive compounds do not always act syner-
gistically as certain combinations may instead
exert antagonistic effects that reduce overall an-
timicrobial performance.

Antibacterial activity of edible
coating solutions

Antibacterial activity was assessed against
two Gram-negative (E. coli, S. typhimurium)
and two Gram-positive (S. aureus, B. subtilis)
bacteria commonly associated with food spoil-
age. Activity was indicated by clear inhibition
zones around treated paper discs impregnated
with the coating solutions. The inhibition zone
diameters are shown in Figure 2, and the de-
tailed patterns for each bacterium are illustrat-
ed in Figures 3—6.

S.Thypumurium

Figure 2. Comparison for antibacterial test results of edible coatings against (a) S. typhimurium,
(b) E. coli; (¢) S. aereus; and (d) B. subtilis
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As shown in Figures 3-6, the four tested
bacteria exhibited different sensitivities to the
edible coating formulations. The diameter of the
inhibition zones was generally proportional to
the pyrolysis temperature and the concentration
of liquid smoke, chitosan concentration, and
neem extract. This relationship likely reflects
the increasing levels of phenolic, carbonyl, and
organic acid compounds from the liquid smoke,
combined with bioactive compounds from the
neem extract, which collectively enhance anti-
bacterial efficacy (El-Beltagi et al., 2024).

Based on the classification by Liah et al.
(2023), where >20 mm indicates very strong in-
hibition, 11-20 mm strong, 6—10 mm moderate,
and 5 mm weak, the coatings exhibited strong
activity against E. coli (14.87-17.57 mm, Figure
3) and S. typhimurium (11.77-12.09 mm, Fig-
ure 4). In contrast, moderate inhibition was ob-
served against S. aureus (7.25-8.44 mm, Figure
5) and B. subtilis (9.79-10.39 mm, Figure 6).

These results are consistent with Desvita
et al. (2023), who found that edible coatings
formulated with rice husk liquid smoke and
chitosan were more effective against Gram-
negative bacteria. The greater susceptibility
of Gram-negative bacteria may be attributed
to phenolic compounds disrupting the outer
membrane, increasing permeability, and caus-
ing leakage of intracellular components. Li
and Zhuang (2020) also noted that, beyond
differences in Gram-type, coating viscosity
influences efficacy, as low-viscosity coatings
may not form a uniform barrier, potentially

explaining the smaller zones for S. aureus. Fur-
thermore, neem extract enhances antibacterial
potential through its phenolic, flavonoid, and
limonoid constituents, which disrupt bacterial
cell membrane integrity, leading to protein and
nucleic acid leakage and ultimately cell lysis
(Putsakum et al., 2018).

CONCLUSIONS

The chitosan-based edible coating enriched
with oil palm empty fruit bunches liquid smoke
and neem leaf extract demonstrates strong po-
tential as an eco-friendly natural preservative
with effective antimicrobial activity. The com-
bination exhibited antibacterial activity against
both Gram-positive and Gram-negative bacte-
ria. FTIR characterization revealed the presence
of —OH, —NH, and aromatic functional groups,
indicating hydrogen bonding and the success-
ful incorporation of bioactive compounds from
neem and gelatin, which enhanced structural
integrity and antimicrobial and antioxidant ca-
pacity. The coating formulated with 1% liquid
smoke produced at 340 °C exhibited the high-
est flavonoid content and optimal antimicro-
bial performance, whereas higher liquid smoke
concentrations showed an antagonistic effect,
likely due to the Eagle effect. Utilizing these
agricultural waste materials supports circular
economy principles, and the coating developed
in this study shows promise for industrial-scale
application. Further research is recommended
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to evaluate its performance on various food
matrices, its compatibility with different prod-
ucts, and its stability during storage under di-
verse environmental conditions.
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