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A B S T R A C T

Essential oils are key ingredients in the development of edible films and provide a diverse
approach to improving food preservation, as well as sensory qualities. The pectin and kappa-
carrageenan composite films were obtained by adding peppermint essential oil in different
quantities. The films after their fabrication were thoroughly evaluated for their attributes, which
included mechanical, barrier, optical, chemical, thermal, and antioxidant properties. The visual
assessment of the films demonstrated that PEO-loaded films showed a uniform, homogenous, and
slightly yellowish appearance. There was an increase in the thickness (0.045 ± 0.006 to 0.060 ±

0.008 mm), elongation at break (12.73 ± 0.74 to 25.05 ± 1.33 %), and water vapor permeability
(0.447 ± 0.014 to 0.643 ± 0.014 (g*mm)/(m2*h*kPa)) was observed with the addition of PEO.
However, tensile strength (45.84 ± 3.69 to 29.80 ± 2.10 MPa) and moisture content (25.83 ±

0.046 to 21.82 ± 0.23 %) decreased with the incorporation of PEO. Furthermore, thermal and
antioxidant properties were enhanced by the inclusion of PEO. The presented investigation can be
employed to synthesize food packaging material with antioxidant properties with potential ap-
plications in food packaging.
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1. Introduction

Plastic-based films such as stretch, cling, shrink, and silage films are commonly used in food and agricultural industries [1]. Natural
polymers have emerged as promising alternatives to synthetic plastics in the development of edible films, which offer improved
biodegradability and minimize plastic waste accumulation. Polysaccharides, proteins, lipids, and their composites have gained
attention as suitable materials for these environmentally friendly films due to their natural origin and ease of degradation [2].
Numerous studies have explored the combination of pectin with other polysaccharides to enhance the characteristics of pectin-based
edible films [3–5]. Blending pectin with another natural polymer can lead to improved physical and mechanical properties.
κ-Carrageenan is particularly promising when blended with pectin, offering the potential for superior film quality and performance
[6].

Pectin and κ-carrageenan have been known for their excellent film-forming properties. This composite material has been reported
to develop transparent material [7]. Furthermore, pectin contains a high concentration of carboxyl groups, while carrageenan is rich in
hydroxyl groups. This combination of functional groups can lead to interactions that potentially enhance the properties of films made
from both materials, making them a promising blend for edible film development [8,9]. Thus, this can result in the formation of
hydrogen and ionic bonds between two polymers resulting in the formation of stable crosslinking networks with less intermolecular
spacing [9]. Such polymeric networks with less intermolecular spacing can show more compactness. Thus, this approach can address
the limitation of the low mechanical strength in carrageenan gel [9].

The constant exposure of food to oxygen often triggers degradation reactions resulting in fat and oil rancidity, microbial growth,
nutritional loss, and changes in the color, odor, and texture of the food. Several packaging are designed in a way to protect the food
from undesirable oxidation reactions [10]. In contrast, to maintain the freshness of living tissues including fresh fruits and vegetables
permeability to oxygen and carbon dioxide is critical. Therefore, films that offer an optimum (moderate) barrier with a regulated
respiratory exchange rate are more suitable [10]. Natural polysaccharides generally possess less antioxidant properties. Thus, the
addition of essential oil is expected to improve antioxidants with improvement in physical and mechanical properties. Recently,
several essential oils have been investigated for their antimicrobial activities [11] and potential applications in food packaging [12].
Their natural antimicrobial and antioxidant properties make them attractive candidates for enhancing the safety and shelf-life of
packaged foods, particularly when incorporated into biodegradable films. Peppermint oil is derived from the hydro distillation of
Mentha piperita, containing monoterpenes and mainly menthol and menthone. Peppermint oil contains a high level of phenolic
compounds and thus it is considered as a potential natural antioxidant [13,14]. However, its utilization in food packaging has only
been investigated in a few studies. Therefore, this study is mainly designed to simultaneously improve the physico-chemical properties
of pectin-k-carrageenan films by using peppermint oil as a strong natural antioxidant agent.

2. Materials and methodology

2.1. Fabrication of film samples

Pectin, kappa-carrageenan, and Tween 80 were purchased from Sisco Research Laboratories Pvt. Ltd. (SRL) in India. Glycerol, with
a 99.0 % purity, was obtained from BDH Laboratory Supplies (UK). Pectin (1.5 %) and κ-carrageenan (1.5 %) solutions were indi-
vidually prepared by continuously stirring for 1 h at room temperature. Subsequently, both solutions were mixed in a beaker, and
glycerol (0.5 %) was added to the film-forming solution as a plasticizer and mixed continuously for another 30 min at room tem-
perature to ensure uniform dispersion of all the ingredients. After mixing, the solution containing pectin and κ-carrageenan was
divided into four labeled beakers. Peppermint essential oil (PEO), identified with Batch No: NNIMPEO/155/0721, was procured from
Nature Natural (India). Different concentrations of PEO and tween 80 were added to each beaker according to Table 1. After preparing
the solution, 20 mL was transferred into plastic petri plates and left to dry at room temperature for 24 h for the fabrication of films.
Once fully dried, the film samples were carefully removed from the plates and subjected to further analysis.

2.2. Microstructure analysis of the films

SEM images were obtained using a JSM-6510 LA instrument (Jeol, Japan) at an accelerating voltage of 20 kV, following the method
outlined by Bhatia et al. [15].

Table 1
The ratios of components used for the development of different film samples.

Sample Codes Pectin (w/v) κ-Carrageenan (w/v) Glycerol (v/v) Peppermint EO (v/v) Tween 80 (v/v)

PKO1 1.5 % 1.5 % 0.5 % – –
PKO2 1.5 % 1.5 % 0.5 % 0.1 % 0.1 %
PKO3 1.5 % 1.5 % 0.5 % 0.2 % 0.2 %
PKO4 1.5 % 1.5 % 0.5 % 0.3 % 0.3 %

*PKO1 (control film sample without the addition of PEO), PKO2 (loaded with 0.1 % of PEO), PKO3 (loaded with 0.2 % of PEO), and PKO4 (loaded
with 0.3 % of PEO).
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2.3. Analysis of the film thickness and mechanical properties

The thickness of the film samples was carefully measured using a digital micrometer (model 2046F, Kawasaki, Japan). This was
done following the procedure described in the work of Bhatia, Shah [16]. Accurate thickness measurements are crucial in evaluating
the uniformity and structural properties of the films. Ten random measurements were taken to calculate the average thickness of each
film, in millimeters.

The mechanical attributes of the film samples (PKO1-PKO4) were evaluated following the ASTM D882 standard procedure [17].
The ASTM D882 standard procedure provides a consistent framework for comparing mechanical characteristics across different film
formulations. Rectangular strips measuring 70 mm in length and 7 mm in width were securely held between the clamps of a texture
analyzer (TA. XT plus, Stable Micro Systems, Godalming, England) and the grip distance was 60 mm. The tensile strength (TS) and
elongation at break (EAB) were determined using the Exponent Connect software platform. Higher tensile strength suggests that the
film can endure greater force without tearing, making it suitable for packaging products that require more robust protection. A higher
elongation at break signifies better flexibility, ideal for wrapping irregularly shaped foods.

2.4. Barrier properties and moisture content analysis

Following the methodology described by Erdem et al. [18], the WVP of the films was determined. The samples underwent a
conditioning process within a desiccator for 24 h, during which the humidity was regulated to a constant 50 %. RH of the measurement
systems were adjusted using water (RH = 100 %) and silica gel (RH = 0 %). The WVP (measured in g mm m− 2 h − 1 kPa− 1) was
subsequently determined using Equation (1).

3.WVP=
Δm

Δt× Δp× A
× d (1)

Δm/Δt: This represents the rate of moisture gain over time, measured in grams per day.
Δp: Denotes the difference in water vapor pressure across the film, measured in kilopascals.
A: Represents the surface area of the film, measured in square meters.
d: Indicates the thickness of the film, measured in millimeters.
Furthermore, the gravimetric method was used to determine the moisture content (MC) of the film samples. This method allowed

accurate assessment of the moisture content by comparing the weight before and after drying, providing a reliable indicator of the
moisture retained in the film samples.

MC=
W1 − W2

W1
× 100 (2)

2.5. Opacity measurement and color properties

The opacity of the films was assessed following the methodology outlined by Zhao et al. [19]. This involved spectrophotometric
analysis using an ONDA V-10 Plus spectrophotometer (Italy). Additionally, the color characteristics of the film samples were evaluated
using a spectrophotometer CM-5 (1328). The combination of these tools allowed for accurate and detailed measurement of both
opacity and color in the film samples.

2.6. Antioxidant analysis

The antioxidant properties of the composite films were evaluated by both DPPH and ABTS assays, as described by Brand-Williams,
Cuvelier [20], and Re, Pellegrini [21], respectively. 30 mg film for ABTS and 100 mg film for DPPH analysis were used. The results of
both assays were expressed as the percentage inhibition of ABTS+ or DPPH radicals, based on the average of three replicates. This
approach provided a reliable measure of the antioxidant properties of the films by quantifying their capacity to neutralize free radicals.

2.7. XRD analysis

The X-ray diffraction (XRD) examination was conducted using a Bruker D8 Discover instrument operating at 40 kV. The edible films
underwent scanning at a speed of 0.500 s/point within the 2θ range of 5–55◦.

2.8. FT-IR spectroscopy analysis

The FT-IR spectra of the films were collected using an InfraRed spectrometer (Tensor 37, Bruker, Ettlingen, Germany). At a res-
olution of 4 cm⁻1, the measurements were obtained within the range of 4000 to 400 cm⁻1. This technique enabled a detailed analysis of
the film’s molecular composition by identifying the characteristic absorption bands within the specified spectral range.

S. Bhatia et al.
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2.9. Thermal properties

Thermogravimetric analysis (TGA) was performed using a TA Instruments SDTQ600 thermal analyzer (New Castle, DE, USA). The
film samples were sealed in an aluminum pan. Each sample, weighing 10 mg, was heated at a rate of 10 ◦C/min from 25 to 600 ◦C in a
nitrogen-rich atmosphere. This method allowed for the assessment of thermal stability and decomposition patterns of the film samples
over a broad temperature range.

2.10. Statistical analysis

The results were shown as mean ± standard deviation (SD) from triplicate findings. One-way analysis of variance (ANOVA) was
conducted between means using Duncan’s test by SPSS software (V 17.0, IBM Company, Chicago, IL, USA) at the 5 % level of
significance.

3. Results and discussion

3.1. Visual appearance

Films were visually observed under an illuminated background to check the presence of any droplets or particles formed while
preparing the FFS, casting the FFS, and drying process. Visual inspection of the composite films, both with and without oil, revealed
smooth surfaces that were easy to peel off, consistent with the findings of Bhatia et al. [22]. The films that incorporated PEO exhibited a
uniform, homogenous, and slightly yellowish appearance with high opacity, as shown in Fig. 1. Films with higher concentrations of
PEO showed soft, flexible, more stretchable, and less resistant to breakage. Films without oil (PKO1) were relatively more transparent

Fig. 1. Visual analysis of the film samples PKO1 (control film sample without the addition of PEO), PKO2 (loaded with 0.1 % of PEO), PKO3 (loaded
with 0.2 % of PEO), and PKO4 (loaded with 0.3 % of PEO).
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than films with oil (PKO2-PKO4).

3.2. Microstructural analysis

Themicrostructural analysis using SEM, as presented in Fig. 2, displays the surface and cross-sectional structures of all the films. All
films demonstrated smooth and homogenous surface structural properties without cracks and pores. The homogenous surface
structural properties represent the compatibility between polymers, glycerol, and PEO at the molecular level. However, a slight
decrease in the surface roughness was observed in the micrographs of the films with increasing PEO concentration. Nevertheless, no
signs of droplet separation from the polymeric matrix were observed. This indicates that PEO dispersed uniformly in the film matrix as
observed in the previous studies [23,24]. Film with the highest concentration of PEO showed a more regular, continuous, and compact
structure than other films. This is contradictory to the studies where the incorporation of oil causes phase separation, development of
heterogeneous structure, holey structure, and increase in the surface coarseness due to the migration of oil droplets towards the surface
due to volatile nature [25]. The formation of a more compact, smooth, and regular structure at higher concentrations of PEOmay result
from the crosslinking effect of the phenolic components present in PEO [26]. These components can enhance the structural integrity of
the films, leading to improved uniformity and organization.

3.3. Film thickness, mechanical, and barrier properties

The effect of incorporating PEO on the film thickness is shown in Table 2. The film thickness varied between 0.045 and 0.060 mm,
significantly increasing (p ≤ 0.05) as the PEO concentration rose. This increase in thickness could be attributed to the higher solid
content, as observed in previous studies [27,28].

Table 2 also represents values for TS and EAB of the films obtained from the κ-carrageenan and pectin polymer infused with various
concentrations of PEO. As per the findings obtained, the incorporation of PEO reduced the TS of films, whereas EAB increased
significantly (p < 0.05). These results were in line with the visual assessment where films with the highest concentration of PEO were
soft, flexible, more stretchable, and less resistant to breakage (Fig. 1). This effect may be due to PEO’s role in reducing the intra- and
intermolecular interactions. The addition of oil resulted in the incomplete replacement of the stronger intermolecular polymer in-
teractions with weaker polymer-oil interactions in the film. This change affected the structural integrity of the film, potentially leading
to variations in its properties [29,30]. The current findings were in line with the reported studies and results obtained from XRD
analysis that showed a decrease in the crystallinity with an increase in the concentration of PEO (Fig. 3) [31–33]. Moreover, this
mechanical behavior of the films could be due to the plasticization effect of PEO that may have improved polymer chains mobility as
well as the flexibility of the film, by this means improving the EAB of the films [34].

The results of water vapor permeability of all the films varied between 0.447 and 0.643 (g*mm)/(m2*h*kPa) (Table 2). The
incorporation of PEO significantly increased the permeability of films against water vapors. This behavior could be due to changes in
structure or hydrophilic-hydrophobic ratio of film components that affected the water vapor transfer process. WVP of the films is
dependent on several factors such as the nature of the additive and its concentration, its distribution, microstructural arrangements,
and crystallinity of the films [35]. As it was noted in previous research, adding oil to the films made them more hydrophobic, which
raised the amount of free space between the polymeric chains and decreased the crystallinity of the films. In our studies, the crys-
tallinity of the films decreased with the addition of oil (Fig. 3). Therefore, the overall impact of oil incorporation on the films could
have been nullified. Studies by Di Giuseppe et al. [35] found similar results for films made from chitosan, sodium caseinate, and

Fig. 2. Micrographs of the films loaded with and without PEO (scale 100 μm).
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rosemary essential oil. They discovered that the permeability of these materials was not just influenced by the addition of lipophilic
components but also by the microstructure of the films. This was significantly impacted by the physical state of the essential oil and
how it was distributed in the polymer matrix [36,37]. The state of the EO and its dispersion affects the structural integrity and barrier
properties of the film. Thus, grasping the interplay between essential oils and polymers is crucial to refining film formulations, as
microstructural differences can alter permeability, mechanical strength, and overall functionality. This increase in WVP values with an
increase in oil concentration could be due to the discontinuation caused in the polymeric structure by lipid droplets, triggering a loss in
film cohesion. This could also be due to the changes in structure or hydrophilic-hydrophobic ratio of film components [38].

3.4. Moisture content

The sensitivity of the films against water vapors was examined by moisture content. Table 2 presents the moisture content levels in
all the films. It was noticed that as the PEO concentration increased, the films’ moisture content reduced. This could be due to the
increase in the interaction between phenolic components of PEO and polymer, thus reducing the availability of polar amino as well as
hydroxyl groups. This chemical interaction reduced hydrogen bond interactions between the polymer and the water, resulting in a
decrease in the moisture content of the films. The findings obtained in the current study align with the reported results in the literature
[39,40].

3.5. Color attributes and opacity of the fabricated films

Optical analysis is a critical factor influencing consumer acceptance of edible films. Table 3 provides optical data for all the films.

Table 2
Thickness, mechanical properties, water permeation, and moisture percentage mean values of film samples. The ± sign means standard deviations.

Film samples Thickness (mm) EAB (%) TS (MPa) WVP ((g*mm)/(m2*h*kPa)) MC (%)

PKO1 0.045 ± 0.006a 12.73 ± 0.74a 45.84 ± 3.69a 0.447 ± 0.014a 25.83 ± 0.046a

PKO2 0.048 ± 0.005a 19.48 ± 1.40b 35.04 ± 2.48b 0.486 ± 0.007b 25.22 ± 0.31a

PKO3 0.058 ± 0.010a 19.99 ± 1.12b 29.74 ± 1.83c 0.550 ± 0.014c 21.99 ± 1.11b

PKO4 0.060 ± 0.008a 25.05 ± 1.33c 29.80 ± 2.10c 0.643 ± 0.014d 21.82 ± 0.23b

* Values represented by distinct letters (e.g., a, b, c, and d) within a column signify notable differences (p < 0.05).

Fig. 3. XRD analysis of the film samples loaded with and without PEO. PKO1 (control), PKO2 (loaded with 0.1 % of PEO), PKO3 (loaded with 0.2 %
of PEO) and PKO4 (loaded with 0.3 % of PEO).

Table 3
Mean values of the transparency and color attributes of the films. Mean (n = 3) ± sign standard deviation.

Film samples Opacity L a* b* ΔE

PKO1 1.38 ± 0.07a 96.09 ± 0.02a − 0.01 ± 0.00a 0.54 ± 0.03a 0.48 ± 0.02a

PKO2 4.67 ± 0.32b 97.52 ± 0.11b 0.24 ± 0.06b 0.98 ± 0.09b 1.88 ± 0.12b

PKO3 11.50 ± 0.24c 97.25 ± 0.31b 0.23 ± 0.15b 0.91 ± 0.28b 1.62 ± 0.43bc

PKO4 13.26 ± 0.86d 97.31 ± 0.58b 0.62 ± 0.04c 1.64 ± 0.11c 2.25 ± 0.24c

*In each column, the letters a, b, c, and d correspond to certain values that indicate statistically significant differences (p < 0.05). L stands for
lightness, a* for green-red, b* for blue-yellow, and ΔE* for total color variation.

S. Bhatia et al.
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Films containing PEO exhibited elevated b values and ΔE, which increased as the PEO concentration rose. This phenomenon may be
attributed to the phenolic components in PEO, as detailed in a previous study [41]. The opacity results indicated significant differences
across the films, ranging from 1.38 to 13.26 (as shown in Table 3). Films with higher PEO concentrations appeared opaque, likely due
to increased light scattering by oil droplets within the film matrix. A higher oil concentration can lead to an increase in both the size
and number of droplets, resulting in more opaque films [42].

3.6. Antioxidant properties of the fabricated films

Table 4 shows the antioxidant properties of films that were assessed by ABTS•+ and DPPH radical scavenging assays. This
assessment helped in determining the capacity to scavenge free radicals. The control film showed antioxidant effects probably due to
the presence of κ-carrageenans [43]. Our findings indicated that the DPPH and ABTS scavenging activities of the films exhibited a
significant increase (p < 0.05) with the rising PEO concentrations as shown in Table 4. The previous study suggested that the anti-
oxidant effects of essential oils could be attributed to their phenolic content [44]. The increase in the antioxidant effect of essential
oil-loaded films was expected due to the presence of menthol, menthone, 1,8-cineole, and neo-menthol as reported in the previous
study [13]. When compared to the control film, the antioxidant capacity of the films improved with an increase in PEO content,
indicating the effectiveness of PEO as a natural antioxidant. These results are consistent with the earlier research [45].

3.7. XRD analysis

Various studies have reported the plasticization effect of essential oil, however crosslinking effect of the oil has been also reported
[22,26,34]. The crystallinity of the films directly impacts the mechanical strength of the polymeric films. Thus, it is important to
understand the effect of essential oil on the crystallinity of the films. Fig. 3 illustrates the XRD diffractograms of all fabricated film
samples. All films did not show any characteristic crystalline peak due to the amorphous nature of pectin and κ-carrageenan present in
the film. All films with and without oil showed broad diffraction peaks at 7◦ and 20◦, which could be attributed to kappa carrageenan
and pectin as observed in the previous study [46]. The addition of oil showed variations in the intensities and changes in the peak
positions which could be due to the addition of PEO.

According to the XRD curves, incorporating PEO decreases the crystallinity of the films, as shown in Fig. 3. This behavior aligns
with findings reported in the literature [47]. The reduction in the peak intensities after PEO incorporation could be due to the decrease
in hydrogen bond formation, resulting in a decrease in regular domains, compactness, and film crystallinity. These results were in
accordance with mechanical studies where TS was reduced and EABwas increased with the addition of oil (Table 2). This plasticization
effect of oil increased the free volume and chain mobility by reducing hydrogen bonding. In the earlier studies due to the plasticization
effect of oil, a drop in crystallinity of the films was observed at higher concentrations of oil in the films, resulting in an increase in the
broadness of the peaks, decrease in the intensity and shifting/disappearance of the peaks [24,48,49]. However essential oil compo-
nents also act as crosslinkers by improving hydrogen bonding increasing the crystallinity of the films as observed in the previous
studies [34,50,51].

3.8. FTIR analysis

FTIR analysis identifies chemical compounds bymeasuring their infrared absorption spectra [52]. The FTIR analysis was conducted
to investigate the chemical interactions among the functional groups of the film-forming components. Fig. 4 illustrates the FTIR
spectrum, displaying characteristic peaks. Peaks were observed at 844, 917, 1034, 1250, 1735, 2354, 2923, and 3343 cm− 1. The peaks
at 844 and 917 cm− 1 suggest the presence of C=C bending in alkene. Furthermore, the peak at 1034 cm− 1 is indicative of the
glycosidic bond. Peaks at 1735 cm− 1 suggest stretching of the carbonyl group (C=O) in carboxylic acids, while those at 2360 cm− 1
indicate stretching of carbon dioxide (O=C=O). The peak observed at 2924 cm− 1 signifies the stretching of C-H bonds (alkanes). The
broad band observed at 3343 cm− 1 corresponds to the O–H stretching, likely originating from hydroxyl groups present in biopolymers
and water molecules [53]. The FTIR analysis indicates that the interactions between peppermint essential oil and the films involve
primarily hydrogen bonding. The phenolic compounds in peppermint oil likely form hydrogen bonds with the hydroxyl groups of
pectin and carrageenan, enhancing or modifying the film properties. A slight difference in peak intensity was noted, which was
probably caused by the addition of PEO, however as the PEO concentrations within the film matrix varied, the intensity changed.

Table 4
Free radical scavenging activity of the film samples. The ± sign means standard deviations.

Film samples DPPH (% inhibition) ABTS (% inhibition)

PKO1 13.92 ± 0.26a 33.29 ± 0.47a

PKO2 22.56 ± 0.21b 38.51 ± 0.33b

PKO3 27.72 ± 0.30c 39.98 ± 0.41c

PKO4 38.15 ± 0.53d 44.35 ± 0.72d

* Values represented by distinct letters (e.g., a, b, c, and d) within a column signify notable differences (p<

0.05).
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3.9. TGA analysis of the films

TGA analysis in a temperature range of 25–600 ◦C was performed to assess the thermal stability of flexible packaging material that
is usually sensitive to heat and to understand how the interaction between the polysaccharides and additives could affect stability.
Fig. 5 demonstrates thermograms representing thermal events for all composite films and multiple steps of weight loss. The first stage
(35–130 ◦C) may be attributed to water evaporation (free or bound) [34]. The second stage (160–260 ◦C) is usually attributed to the
volatilization of glycerol [34]. The third stage at 290–450 ◦C is related to polysaccharide decomposition [22,54]. According to TGA
assessments, adding PEO increased the film’s thermal resistance. The better compatibility and stronger interactions between the
various components of the oil-loaded films may be the cause of their increased thermal stability [55,56].

4. Conclusion

Incorporating peppermint essential oil (PEO) into pectin and κ-carrageenan composite films has shown substantial potential for
enhancing key properties relevant to food packaging applications. These films exhibited improved antioxidant properties, as
demonstrated by DPPH and ABTS assays, highlighting their capacity to extend the shelf life of packaged foods. The visual assessment
and scanning electron microscopy analysis also emphasized the uniformity and structural integrity of PEO-loaded films, particularly at
higher concentrations. Additionally, the thermal resistance of the films was improved with the addition of PEO as demonstrated by
TGA. These results suggest that PEO effectively enhances the quality and functionality of edible films for food packaging.
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