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Abstract: Currently, food packaging is facing a critical transition period and a major challenge: it
must preserve the food products’ quality and, at the same time, it must meet the current requirements
of the circular economy and the fundamental principles of packaging materials eco-design. Our
research presents the development of eco-friendly packaging films based on Opuntia ficus-indica
cladodes (OFIC) as renewable resources. OFIC powder (OFICP)-agar, OFICP–agar-gum arabic (GA),
and OFICP–agar-xanthan (XG) blend films were eco-friendlily prepared by a solution casting method.
The films’ properties were investigated by scanning electron microscope (SEM), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (X-RD), and differential scanning calorimeter (DSC).
Water solubility and moisture content were also determined. Morphology, thickness, molecular
interactions, miscibility, crystallinity, and thermal properties, were affected by adjusting the gums
(GA and XG) content and glycerol in the blend films. Moisture content increased with increasing
glycerol and XG content, and when 1.5 g of GA was added. Water solubility decreased when glycerol
was added at 50% and increased with increasing GA and XG content. FTIR and XRD confirmed
strong intermolecular interactions between the different blend film compounds, which were reflected
in the shifting, appearance, and disappearance of FTIR bands and XRD peaks, indicating excellent
miscibility. DSC results revealed a glass transition temperature (Tg) below room temperature for
all prepared blend films, indicating that they are flexible and soft at room temperature. The results
corroborated that the addition of glycerol at 30% and the GA to the OFICP increased the stability of
the film, making it ideal for different food packaging applications.

Keywords: Opuntia ficus-indica; cladodes powder; gums; blend films; eco-friendly; food packaging

1. Introduction

Food packaging is essential for preserving the quality of foods products; it is a barrier
to different factors of food deterioration such as oxygen, light, and moisture. Further, it
provides physical protection, prevents post-processing contamination, and extends shelf
life of foods products [1–3]. Paper, metal, and plastic are the most materials used for food
packaging. Nevertheless, plastic is the material most widely used in the food industry due
to its various advantages, such as excellent physicochemical and mechanical properties,
high processability, flexibility, stability, and excellent thermal resistance [4,5]. In fact, three
hundred and ninety-one (391) million metric tons of plastic were produced worldwide
in 2021, and 40% of these are dedicated to packaging manufacturing [6]. However, the
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impact of plastic on the environment is devastating,; only 9% of the produced plastic is
recycled, and the remainder is disposed of in uncontrolled dumps or is released into the
environment as waste, thus causing soil, water, and air pollution, ecological imbalance,
climate change, and endocrine disruption, even at very-low doses [6,7].

Therefore, tackling plastic is becoming a primary environmental, scientific, industrial,
and societal concern. Unfortunately, this is not easy; indeed, food packaging is currently
undergoing a crucial transition period and is facing a major challenge. It needs to ensure the
preservation of food product quality while fulfilling the current requirements of the circular
economy and new complex regulations for ensuring the safety of packaging materials, in
particular, the potential risk of migration of additives known to be endocrine disruptors
such as bisphenol A and phthalates [8].

The food industry has experienced great development in recent years which has con-
tributed to the intensified creation of innovative solutions in the packaging
industry [9–12]. However, the packaging industry faces certain challenges when prepar-
ing potential food packaging materials. Increasingly, packaging manufacturers must also
be attentive to their environmental impact throughout supply chains. Today, a number
of solutions exist to reduce the carbon footprint of food packaging (recyclable and bio-
sourced materials, etc.). The materials must also be economically profitable, appropriate for
widespread application, and ensure safety for human health. Biopolymers derived from
natural resources have recently attracted great attention in food packaging materials as an
alternative to non-biodegradable plastic packaging due to their abundance, compatible
mixtures of different components that can easily be eco-friendly, renewable, inexpensive,
and non-toxic [13–17].

Opuntia ficus-indica (OFI) cladodes (OFICs) are one of the trendy renewable resources
that are attracting currently growing interest in the food packaging field due to their rich-
ness in carbohydrates, including pectin, fiber, mucilage, lignin, cellulose, and hemicellulose,
as well as their wide availability [18]. In fact, the Opuntia ficus-indica, commonly known
as cactus or nopal, is cultivated all over the world, mainly in the western part of the
Mediterranean basin (southern Portugal, Spain) and in North Africa (Algeria, Morocco and
Tunisia) [19]. The OFI plantation covers 100,000 hectares through Algerian territory. Of
this, 60% is situated in the Sidi-Fredj region (southeast of the Wilaya of Souk Ahras) [20]. It
is estimated that one hectare of OFI produces 100 tons of cladodes per year [21,22].

As mentioned above, OFICs have recently attracted a great deal of attention in food
packaging applications. Many studies have employed their mucilage for film develop-
ment [23–29]. Gheribi et al. [26] reported that cladodes’ mucilage exhibited good film-
forming properties when plasticized and thus can form film for food packaging. The
different applications of OFIC mucilage in food packaging were reviewed by Gheribi and
Khwaldia [28] and de Andrade et al. [23].

Due to their antimicrobial and antioxidant activity and their richness in bioactive
compounds, OFIC mucilage is investigated as an interesting candidate for developing
bioactive packaging films and coatings, which are applied to extend the shelf life of highly
perishable foods such as meats and fruits [3,22,28,30,31].

However, in addition to low yield, the mucilage extraction from OFICs has tradi-
tionally involved organic solvents that are derived from non-renewable resources and
are suspected of being harmful to humans and the environment [25,26,29]. This prac-
tice does not conform to the fundamental eco-design principles of packaging materials,
contrary to the use of whole powder without any organic solvents which is part of an
environmentally friendly approach. Nevertheless, there is no study report on the use of
OFIC powder (OFICP) as a single material, without any addition, for film development.
The few studies that have been carried out with OFICP have used it as either a filler and
as a reinforcing agent in starch films [32] or blended with other biopolymers to prepare
biocomposites [32,33].

Blending two or more biopolymers allows for combining of their properties and
improves the properties of the resulting blend film by intermolecular interactions between
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the different biopolymers favored by their natural thermodynamic compatibility [34,35].
In this context, the addition of natural gums, such as agar, XG, and GA, into the blend
biomaterials of food packaging has currently received further attention due to their many
functional properties. Particularly, their biodegradability, low cost, film-forming properties,
as well as the presence of several hydroxyl groups (–OH) in their chemical structure that
interact with the other blend components through hydrogen bonding has thus resulted
in appearance improvement, changes in solubility, and structural and thermal property
modifications in the resulting blend film [13,35–40].

Although the scientific literature on film prepared from the combination of two or
more biopolymers is currently extensive [35], as far as we know, there has only been
one study conducted on investigating the combination of OFICP and agar, as gum, for
preparing OFICP–agar bend film with different concentrations of glycerol (as plasticizer).
The obtained OFICP–agar blend film had a moderate mechanical performance, thermal
stability, and water vapor transmission rate [32].

However, the thermal properties and intermolecular interactions between OFICP and
agar were not reported in the mentioned study. Furthermore, to the best of our knowledge,
the OFICP–agar-XG and OFICP–agar-GA ternary blend films have also not been reported to
date. It is therefore necessary to investigate the effects of this combination on the behavior
of the blend films to determine its suitability for food applications. In this context, the main
objective of the present study was to investigate the effect of glycerol, GA, and XG addition
on the appearance, thickness, morphology, moisture content, water solubility, crystallinity,
intermolecular interactions, and thermal properties of the OFICP–agar blend film.

2. Materials and Methods
2.1. Materials

A total of 10 kg of OFIC were harvested during 2021 in the region of Haizer (latitude
of 36,397; longitude of 399,917, 36◦23′49′′ North, 3◦59′57′′ East; altitude: 609 m), with an
annual average temperature of 16 ◦C and precipitations of 650 mm/year, located at 9 km
from Bouira in northern Algeria. The harvest was performed in cardboard bags.

The cladodes were selected according to size: 30–35 cm in length and 10 cm in width.
Gum arabic, xanthan (food grade), agar, and glycerol (analytical grade) (Figure 1) were
purchased from Sigma-Aldrich (≥99.5% purity) (St. Louis, MO, USA).
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2.2. Preparation of Opuntia ficus-indica Cladodes Powder (OFICP)

The OFICP was prepared according to Makhloufi et al. [32], with minor modifications.
The spines were manually removed, and then the cladodes were washed with tap water,
rinsed with distilled water, disinfected with sodium hypochlorite solution 200 mg/L
(Sigma Aldrich®-Química, Madrid, Spain), and dried with paper towels, cut into small
cubes, and dehydrated in a ventilated oven (J.P. Selecta, Barcelona, Spain) at 60 ◦C for 24 h.
The dehydrated pads were ground and sieved through 500, 200, 100, and finally, 45 µm
mesh sieves (Retsch, Haan, Germany) to obtain a green powder with fine granulometry
Ø < 45 µm. The obtained OFICP was stocked in an airtight glass bottle away from light
and moisture for further use.

2.3. Blend Films Preparation

The solvent casting method was used to prepare the blend films with three different
formulations based on the method described by Makhloufi et al. [32], with minor modifica-
tions. The first formulation was prepared with a constant and equal amount of OFICP (2 g)
and agar (2 g), 1:1 ratio, with varying concentrations of glycerol (0%, 30%, 40%, and 50%,
w/w). The second formulation was prepared at 30% glycerol with 2 g of OFICP and 2 g of a
blend of agar and GA prepared at the following ratios (agar: GA); (2:0), (1.7:0.3), (1.5:0.5),
(1:1), and (0.5:1.5). The third formulation was also prepared at 30% glycerol with 2 g of
OFICP and 2 g of a blend of agar and XG prepared at the following ratios (agar: XG): (2:0),
(1.7:0.3), (1.5:0.5), and (1:1). The different prepared film formulations are listed in Table 1.

Table 1. Composition of the different film formulations for 100 mL film-forming suspensions.

Formulation
Number Codification Ratio

OFICP:A:GA:XG OFICP (g) Agar (A) (g) Gum Arabic
(GA) (g)

Xanthan (XG)
(g)

Glycerol (G)
(%)

1st formulation
(F1)

F1-0%G 2:2:0:0 2 2 0 0 0
F1-30%G 2:2:0:0 2 2 0 0 30
F1-40%G 2:2:0:0 2 2 0 0 40
F1-50%G 2:2:0:0 2 2 0 0 50

2nd formulation
(F2)

F2-0.3GA 2:1.7: 0.3:0 2 1.7 0.3 0 30
F2-0.5GA 2:1.5: 0.5:0 2 1.5 0.5 0 30
F2-1GA 2:1:1:0 2 1 1 0 30

F2-1.5GA 2:0.5:1.5:0 2 0.5 1.5 0 30

3rd formulation
(F3)

F3-0.3XG 2:1.7:0:0.3 2 1.7 0 0.3 30
F3-0.5XG 2:1.5:0:0.5 2 1.5 0 0.5 30
F3-1XG 2:1:0:1 2 1 0 1 30

OFICP: Opuntia ficus indica cladodes powder; A: agar; G: glycerol; XG: xanthan; GA: gum arabic.

The film-forming solutions were prepared according to Makhloufi et al. [32]. Firstly,
2 g of OFICP was dissolved in 100 mL of distilled water and stirred for 30 min at 90 ◦C. After
that, the blends of agar, GA, XG, and glycerol were added as plasticizer at the previously
specified amounts. The mixture was constantly stirred at 90 ◦C for 15 min to obtain a
film-forming suspension. Then, 10 mL of each suspension was cast on an 80 mm diameter
Petri dish and dried in an oven at 40 ◦C for 24 h. Once dried, the films were peeled off and
stored in a desiccator with silica gel at room temperature. The manufacturing process of
the ternary blend films is shown in Figure 2.

2.4. Visual Control

All the obtained blend films were visually inspected to determine the appearance,
color, texture, resistance, and presence of any impurities.

2.5. Film Thickness Measurement

The thickness of the obtained blend films was measured using Mitutoyo coolant-proof
digimatic micrometers MDC-25PX at an accuracy of ± 0.001 mm (Mitutoyo Corporation,
Tokyo, Japan) at random different points around the film. In total, thirty (30) measurements
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per formulation were performed, with three (3) films per formulation at ten (10) different
positions per film. Mean values ± SD were determined.
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2.6. Scanning Electron Microscope (SEM)

The morphology of all samples (starting materials and prepared films) was analyzed
by a scanning electron microscope (SEM, Quanta 650, Rock Hill, SC, USA) operated at
10 kV. Each sample was put on a steel plate and coated with a carbon film before analysis.

2.7. Moisture Content

The moisture content of the prepared blend films was determined by a gravimetric
method according to Gheribi et al. [26]. Samples of 2 cm × 2 cm were weighed (mi),
oven-dried for 24 h at 90 ◦C, and then reweighed (mf ). The moisture content was calculated
as the percentage of dried weight loss as follows:

Moisture Content (%) =
mi − m f

mi
× 100

Results were obtained from at least 3 independent experiments carried out on different
working days. Mean values ± SD were determined.

2.8. Water Solubility

The water solubility of the prepared blend films was determined according to
Gheribi et al. [28]. Film samples of 2 cm × 2 cm were oven-dried at 90 ◦C for 24 h, cooled
to room temperature in a desiccator, weighed (mi), and then immersed in 50 mL of distilled
water at room temperature for 30 min. The undissolved pieces were oven-dried at 90 ◦C for
24 h and then weighed (mf ) after cooling to room temperature. The film’s water solubility
was determined according to:

Water solubility (%) =
mi − m f

mi
× 100

Results were obtained from at least 3 independent experiments carried out on different
working days. Mean values ± SD were determined.
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2.9. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis was used to determine the functional groups of the starting materials
and intermolecular interactions that occurred between them in the blend films. The FTIR
spectra of the starting materials and the prepared blend films were recorded using a Fourier
transform infrared spectrometer (FTIR-8900, Shimadzu, Japan) in the wavenumber range
of 4000–400 cm−1 with a resolution of 4 cm−1 and 32 accumulated scans.

2.10. X-ray Diffraction (XRD)

X-ray diffraction analysis was used to characterize the structure of the starting materi-
als and their miscibility in the obtained blend films, as well as to determine the crystallinity
index. The X-ray diffraction patterns of the starting materials (OFICP, agar, GA, and
XG) and the prepared blend films were measured by an X-ray diffractometer (Panalytical
Empyrean, United Kingdom), with Cu-K alpha radiation (λ = 1.54060 Å) under the voltage
of 45 kV and 40 mA. The diffractograms were recorded in the 2θ range between 10◦ and
60◦ with a step size of 0.0130. OriginPro 2022 software was used to plot the graphs. The
crystallinity index (%) was calculated as the ratio of the crystalline area of the individual
peaks and the total area of the total diffractogram [41,42]:

Crystallinity index (%) =
Crystalline peaks area

Total area(crystalline + amorphous)
× 100

2.11. Differential Scanning Calorimeter (DSC)

Thermal properties for the prepared blend films were determined using a differential
scanning calorimeter (Setaram DSC 131 Evo, ENTEC, Sarl Constantine, Algeria). About
5 mg of the samples were sealed in aluminum pans, and measurements were performed
with three heating cycles separated by a cooling cycle. Thermal cycles were conducted
from −70 to 100 ◦C with a heating rate of 10 ◦C/min under nitrogen (N2) flow rate of
40 cm3/min. The glass transition temperature (Tg

◦C) and the heat capacity change (∆C p)
were obtained from the thermogram.

2.12. Statistical Analysis

The data were analyzed with one-way analysis of variance (ANOVA) using SPSS
software (version 21). The results are presented as mean ± standard deviation (SD) of the
triplicate measurements for moisture content, water solubility, and thickness. Tukey’s test
was used to determine significant differences between the blend film properties results at
p < 0.05.

3. Results and Discussion
3.1. Film Appearance

Figure 3 shows the visual appearance of the prepared blend films with the different
formulations. Initially, an OFICP-based film without any addition was prepared (control).
A crumbled green-color film was obtained with a granular aspect (Figure 3a). This result
suggests that the OFICP has poor film-forming properties and cannot form a seamless and
smooth film, which could be attributed to the OFICP’s heterogeneity, as confirmed by the
FTIR results. However, the addition of agar at a 1:1 ratio into OFICP-based film without
added glycerol (F1-0%G) relatively improved the film appearance, which was homoge-
neous, smooth, and without cracks or air bubbles, However, its appearance was very glassy
and brittle (Figure 3b). This improvement may be due to the excellent gelling power of
agar. The film (F1-40%G) became more flexible and manual stretch-resistant after adding
glycerol at 40% (Figure 3c). Similar observations were reported by Makhloufi et al. [32], De
Farias et al. [43], and Priyadarshi et al. [44] for OFICP-based film and other biopolymers
with different concentrations of glycerol. At high amounts glycerol interacts with polymers
through van der Waals forces, hydrogen bonding, etc. The addition of GA at 0.5 g into
the formulation further enhanced the film’s appearance (F2-0.5GA), which appeared more
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compact, more homogeneous, smoother, more resistant, and bright, without cracks or air
bubbles (Figure 3d), contrary to the film that contained XG, which displayed small air
bubbles (Figure 3e). The formed film with 1 g of XG (F3-1XG) was sticky and difficult to
handle and remove from the Petri dish.
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3.2. Film Thickness

Thickness is one of the most important parameters of packaging films, impacting
physical properties such as handling, barriers, and mechanical properties [45–47]. Our
results found that the higher the glycerol content in the formulation (from 0 to 50%) was,
the thicker the resulting biocomposite blend films were, as shown in Table 2. Indeed, the
addition of glycerol at varying concentrations to OFICP–agar blend formulations increased
the film thickness from 0.056 to 0.095 mm (F1-0%G–F1-50%G), with a significant difference
(p < 0.05) compared to the control film without glycerol (F1-0%G).

Table 2. Thicknesses of the prepared films at different formulations.

Formulation Number Samples Code Thickness (mm)

1st formulation (F1)

F1-0%G 0.056 ± 0.013 c

F1-30%G 0.069 ± 0.016 b

F1-40%G 0.084 ± 0.009 a

F1-50%G 0.095 ± 0.023 a

2nd formulation (F2)

F2-0.3GA 0.123 ± 0.058 a

F2-0.5GA 0.124 ± 0.048 a

F2-1GA 0.098 ± 0.029 a,b

F2-1.5GA 0.090 ± 0.016 b

3rd formulation (F3)
F3-0.3XG 0.105 ± 0.03 a

F3-0.5XG 0.101 ± 0.02 a

Film formulations: F1-0%G (OFICP–agar); F1-30%G (OFICP–agar-glycerol 30%); F1-40%G (OFICP–agar-glycerol
40%); F1-50%G (OFICP–agar-glycerol 50%); F2-0.3GA (OFICP–agar-glycerol 30%-GA 0.3 g); F2-0.5GA (OFICP–
agar-glycerol 30%-GA 0.5 g); F2-1GA (OFICP–agar-glycerol 30%-GA 1 g); F2-1.5GA (OFICP–agar-glycerol 30%-GA
1.5 g); F3-0.3XG (OFICP–agar-glycerol 30%-XG 0.3g); F3-0.5XG (OFICP–agar-glycerol 30%-XG 0.5 g). Thickness
results expressed as means ± standard deviation (SD). Mean values in the same column with different superscript
letters (a-b-c) are significantly different (p < 0.05).

In contrast, the addition of gums only at low contents has a significant effect on the
thickness. Indeed, gum arabic and xanthan addition at the low contents of 0.3 and 0.5 g (F2-
0.3GA, F2-0.5GA, F3-0.3XG, F3-0.5XG) formed thicker ternary blend films with a thickness
of 0.123, 0.124, 0.105, 0.101 mm, respectively, with significant difference (p < 0.05) compared
to the control film without gum arabic and xanthan (0.069 mm); meanwhile, at the high
contents of gum arabic (F2-1GA and F2-1.5GA), thinner ternary blend films were obtained
with a thickness of 0.098 and 0.090 mm, respectively, with an insignificant difference
(p < 0.05) compared to the control film without gum arabic (0.069 mm).

Similar results were reported by Jouki et al. [48] and Makhloufi et al. [32] for cress
seed carbohydrate gum edible film and OFICP-based film plasticized with glycerol, as
also observed by Kim et al. [49] and Rukmanikrishnan et al. [38] for XG and GA based
film. These observed differences between the formed biocomposites blend films may be
explained by the free volume theory of the glycerol effect, which increases the intermolec-
ular spaces between the film chains, thus resulting in increased film thickness [40,48], as
well as the increase in the solid content in the films containing GA and XG, which have
the highest thickness values (0.124 and 0.105 mm, respectively). In fact, Ratna et al. [15,50]
stated that biocomposite edible film thickness can be increased by adding solid materi-
als to composite film. Similarly, Kaya et al. [51] observed that the inclusion of vegetable
extract in chitosan-based film increased film thickness from 45.4 µm (control) to 99.2 µm.
Furthermore, De Carli et al. [47] and Khodaei et al. [52] noted that increasing the amount of
composite materials used also increases the film thickness. However, the thickness of the
blend films can be also influenced by the film-forming procedure, mold surface area, and
solution volume [14,47].

3.3. Film Morphology

Figure 4 shows the SEM micrographs of OFICP, agar, XG, GA powders, and the surface
of the different prepared blend films.
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The SEM micrograph of OFICP (Figure 4a) showed aggregates and small particles
with irregular shapes and more or less homogeneous sizes ranging from 19 to 50 µm. This
may be explained by the fine granulometry of OFICP: < 50 µm. A similar micrograph was
reported by Makhloufi et al. [32] for OFICP. De Farias et al. [43] indicated that powder
granulometry may affect OFICP particle size.

The SEM micrograph of the powders agar (Figure 4b), GA (Figure 4c), and XG
(Figure 4d) showed particles with irregular shapes and sizes ranging from 16 to 208 µm for
GA, from 94 µm to 241 µm for agar, and from 278 to 440 µm for XG. Similar observations
were reported by Makhloufi et al. [29]. These authors indicated that the particle size may
be affected by the preparation methods of gums.
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Figure 4. Scanning electron microscopic micrograph images of the starting materials and the prepared
blend films: (a) OFICP, (b) agar, (c) GA, (d) XG, (e) OFICP–agar-glycerol 40% blend film (F1-40%G),
(f) OFICP–agar-glycerol 30%-GA 1.5 g (F2-1.5GA), (g) OFICP–agar-glycerol 30%-XG 0.5 g (F3-0.5XG).

Regarding the different prepared blend films, the SEM micrographs showed a rough
surface with micron particles and aggregates with irregular shapes for all blend films
(Figure 4e–g). Similar results were reported by De Farias et al. [43] and Makhloufi et al. [32]
for OFICP-based films; these authors suggested that this is due to the presence of fibers in
OFICP. The SEM micrograph of the film containing XG (F3-0.5XG) showed an increasingly
rougher surface, and as illustrated in Figure 4g, this may be due to the possible formation
of XG agglomerates within the film.

3.4. Moisture Content and Water Solubility

The moisture content and water solubility values of the OFICP–agar blend films
with different contents of glycerol, GA, and XG are presented in Figure 5. A significant
increase (p < 0.05) in the moisture content was observed when the concentration of glycerol
exceeded 30% (F1-40%G and F1-50%G films) (Figure 5a). This is consistent with the results
of Makhloufi et al. [32], who found that the moisture content of OFICP–agar blend films
increased with increasing the glycerol concentration from 30 to 60%. Similarly, various
studies have reported that increasing glycerol concentration increases the moisture content
of the plasticized biomaterials [26,53]. This result may be due to the higher hygroscopicity
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of glycerol and its higher concentration. Therefore, adding glycerol increases the –OH in
the blend films, thus increasing moisture content [54,55].
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Figure 5. Moisture content and water solubility of (a) OFICP–agar blend film with different con-
centrations of glycerol (F1-0%G–F1-50%G), (b) OFICP–agar-glycerol 30% blend film with different
contents of GA (F2-0.3GA–F2-1.5GA), (c) OFICP–agar-glycerol 30% blend film with different contents
of XG (F3-0.3XG–F3-0.5XG). Different letters (a–c) indicate significant differences (p < 0.05).

Similarly, the addition of XG significantly increased (p < 0.05) the moisture content of
the OFICP–agar-XG ternary blend films (F3-0.3XG and F3-0.5XG films) (Figure 5c). Hazirah
et al. [56] observed a similar result for the gelatin–carboxymethyl cellulose-XG blend film.
These authors suggest that this is due to the presence of –OH in the XG structure increasing
susceptibility to water.

On the other hand, the addition of GA did not affect (p < 0.05) the moisture content of
OFICP–agar-GA ternary blend films (F2-0.3GA, F2-0.5GA, F2-1GA). A similar result was
reported by Kim et al. [49] for starch-GA blend film and by Kang et al. [37] for GA-based
film. Such results may be explained by the formation of hydrogen-bonding interactions
between OFICP, GA, and agar, which reduce the number of –OH that may associate with
water [37,49]. Recently, Ratna et al. [15] developed an edible biocomposite gelatin film
from chicken claws and observed that the water content of the biocomposite films was not
affected by the amount of glycerol and carboxymethyl cellulose but was affected by the
film thickness.

The water solubility of polymer is mainly related to the number of free –OH in the
polymer matrix, which allow for the film to interact with the water’s hydrogen [40]. As
shown in Figure 5a, there was no significant difference (p < 0.05) in the water solubility of the
OFICP–agar blend film with 30 and 40% glycerol (films F1-30%G and F1-40%G) compared
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to the control film (OFICP–agar blend film without glycerol). Contrastingly, the OFICP–
agar blend film with 50% glycerol (F1-50%G) showed a significant (p < 0.05) decrease
in water solubility. Our results are consistent with those reported by Ratna et al. [15]
and Hazirah et al. [56], who found that increasing glycerol concentration decreased the
water solubility of corn starch- and gelatin-based films. Such a result may be due to strong
interactions between the film’s compounds (OFICP, agar, and glycerol) reducing the number
of free –OH. Haq et al. [57] indicated that adding a plasticizer alters the interaction between
the polymer chains, which may increase or decrease the polymer’s solubility. Moreover,
water solubility depends on several factors, including crosslinking between polymer chains
and the structure of the polymer network [40].

On the other hand, the OFICP–agar blend film’s water solubility significantly
(p < 0.05) increased with the addition of the gums (p < 0.05) (Figure 5b,c). Approxi-
mately 59% solubility was observed for films containing XG and about 70% for films
containing GA, compared to 44% for films without these gums. Arismendi et al. [58], and
Kim et al. [49] reported a similar result where the addition of XG and GA increased water
solubility. This result may be explained by the hydrophilic nature of GA and XG, which
increase the number of hydrophilic groups in a polymer matrix, thereby increasing film
solubility [39,40]. Furthermore, Kim et al. [49] suggested that when films containing gums
are exposed to water, the hydrogen bonds between polymeric chains become dissociated
by competition with water molecules, resulting in the films’ deformation and dissolution.

3.5. Chemical Composition and Molecular Interaction by FTIR

FTIR analysis was performed to characterize the nature of the starting materials’
functional groups and the intermolecular interactions between them in the blend films.
Figure 6 shows the FTIR spectra of OFICP, agar, GA, and XG, while Figure 7 shows the
FTIR spectra of the manufactured blend films.
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50%G) and OFICP–agar-glycerol 30% blend film with varying contents of GA (F2-0.3GA–F2-1.5GA)
and XG (F3-0.3XG–F3-0.5XG).

FTIR spectrum of the OFICP showed several characteristic bands appearing in two
regions: 3700–2200 cm−1 and 1800–500 cm−1. The bands at 781.12 cm−1, 626.82 cm−1, and
518.82 cm−1 are attributed to =C–H bending of benzene groups present in the polyphenol;
indeed, OFI is an excellent source of phenolic antioxidants [41]. Bands at 1425.30 cm−1,
1319.22 cm−1, 1060.78 cm−1 are attributed to CH2 symmetric bending, C–H bending, the
C–O bond of OH, and the C–O–C of the cellulose molecule, respectively. The band at
1251.72 cm−1 represents C–O stretching vibration [26]. Moreover, the bands between
1320 cm−1 and 1025 cm−1 are characteristic of C–N, P–OH and –COOH groups, indicating
the presence of aromatic proteins, phosphoric groups, and polysaccharides [43]. The
broad band at 1614.31 cm−1 is characteristic of C=O stretching vibration [21]. Bands at
2850.59 cm−1 and 2920.03 cm−1 are assigned to CH and –CH2 groups’ stretching vibration
in cellulose chains [21]. Further, these bands confirm the presence of fibers [43]. Finally, the
broad band ranging from around 3700–3000 cm−1, centered at 3415.70 cm−1, corresponds
to the stretching vibration of the strong –OH and –NH groups in the acidic and aliphatic
components of cellulose and aromatic proteins [21]. This result confirms that OFICP
is a heterogeneous material composed of cellulose, carbohydrates, fibers, proteins, and
phenolic components.

The agar spectrum showed a broad band ranging from around 3500–3000 cm−1,
centered at 3415.70 cm−1, assigned to the stretching vibration of hydroxyl (O–H) groups.
The band at 2923.88 cm−1 is attributed to CH stretching vibration. The band at around
1645.32 cm−1 is related to the bending vibration of H–O–H of crystallization water [59]. The
band ranging from 1460.01 to 1373.22 cm−1 can be assigned to C-O–H bending vibration of
–OH. The bands at 1078.13 cm−1 and 931.55 cm−1 are characteristic of the C–O stretching
group of 3,6-anhydro-L-galactose with the contribution of the CC–O out-of-phase stretching
of primary and secondary alcohols of saccharide rings [59]. The band at 892.98 cm−1 reflects
C–H stretching of β-galactose [38]. The bands at 779.19 cm−1 and 590.18 cm−1 represent
the skeletal bending of pyranose rings [38,59].
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XG exhibits a similar spectrum to agar due to the similarity of their polysaccharide
chemical structure (Figure 6). The broad band centered at 3417.63 cm−1 is attributed to
the axial deformation of the OH group; the band at 2925.81 cm−1 represents the valence
vibration of C–H; the band at 1731.96 cm−1 I characteristic of valence vibration of C=O
ester, carboxylic acid, aldehydes, and ketones; the band at 1618.17 cm−1 can be assigned
to the asymmetric strength of the carboxylate ion [60]; the bands at 1454.23 cm−1 and
1379.01 cm−1 are characteristic of the CH bending of the methyl groups; the band at
1272.93 cm−1 represents the C–O valence of alcohol; the band at 1064.63 cm−1 is attributed
to COC of the ether function and the band at 1024.13 cm−1 may be attributed to the C–O
function of glucose [38,56,60].

The GA spectrum displayed characteristic bands at 3382.91 cm−1, 2923.88 cm−1,
1627.81 cm−1, 1423.37 cm−1, 1072.35 cm−1, and 1033.77 cm−1, corresponding to the –OH,
C-H bending, C=O stretching vibration, CH bending of the methyl groups, COC of the
ether function, and C–O function of glucose, respectively [61]. As for the glycerol spec-
trum, it displays the following main characteristic bands; 3413.77 cm−1 of OH stretching;
2927.74 cm−1 and 2881.45 cm−1 attributed to the CH2 groups; 1643.24 cm−1 characteris-
tic of water; bands at 1457.68 cm−1 and 1328.16 cm−1 assigned to the C–O–H bending;
1110.92 cm−1 representing C–C bending; 1041.49 cm−1 attributed to C–O–H bending; and
bands at 995.20 cm−1, 925.77 cm−1, 856.34 cm−1 which are assigned to C–O–H bending in
O–H [62].

The FTIR spectra of the prepared blend films, OFICP–agar, 3OFI CP-agar with different
concentrations of glycerol, OFICP–agar-GA, and OFICP–agar-XG ternary blend films,
provide information regarding the intermolecular interactions that occurred between film
components, which are reflected by the bands’ position shifting [63,64].

The FTIR spectrum of OFICP–agar blend film without glycerol (F1-0%G) is presented
in Figure 7. Merging, shifting, and disappearance of bands are the main changes ob-
served, in comparison to the FTIR spectrum of pure OFICP and agar powder individually
(Figure 6). In fact, the characteristic bands of OFICP and agar, 1614.31 cm−1 and 1645.32 cm−1,
respectively, are merged into a single broad band at 1585.38 cm−1 with a shoulder at
1648.04 cm−1. The characteristic band of OH and NH groups of OFICP (3415.70 cm−1) and
agar (3365.55 cm−1) are merged into a broad band ranging from 3556.49 to 3105.18 cm−1.
Similarly, the bands at 2920.03 cm−1 and 2923.88 cm−1 of OFICP and agar, respectively, are
merged into a single band at 2935.46 cm−1, and the bands at 1060.78 cm−1 (of OFICP) and
1078.13 cm−1 (of agar) are merged into a broad band at 1053.06 cm−1. Furthermore, the char-
acteristic band at 1425.30 cm−1 of OFICP shifted to a lower wavenumber at 1415.65 cm−1;
the bands at 1373.22 cm−1 and 1161.07 cm−1 of agar shifted to higher wavenumbers at
1384.79 cm−1, and 1166,83 cm−1, respectively, and were accompanied by an increase in
their intensity. Meanwhile, the bands at 2850.59 cm−1 of OFICP and 1737.74 cm−1 of
agar disappeared. These changes suggest strong intermolecular interactions between the
functional groups of the OFICP and agar, thus indicating excellent miscibility [26,56,63,65].
It is well-established that the miscibility between film components is a crucial factor that
affects the microstructure and the functional properties of blended films [63].

The effect of glycerol is evaluated by comparing the FTIR spectra of OFICP–agar
blend film with different glycerol concentrations (F1-30%G, F1-40%G, F1-50%G) on the
FTIR spectrum of OFICP–agar blend film without glycerol (F1-0%G, control), as shown in
Figure 7.

When glycerol was added at 30% (film F1-30%G), a shift in the main bands to a lower
or higher wavenumber with increased intensities and broadness was observed. The broad-
band at 3556.49–3105.18 cm−1 was improved with multiple peaks, increased in intensity
and broadness, and slightly shifted to higher wavenumbers at 3573.85–3074.32 cm−1; the
bands at 2935.46 cm−1 and 1053.06 cm−1 shifted to a lower wavenumber at 2925.81 cm−1 and
1049.20 cm−1, respectively. Meanwhile, the band at 1585.38 cm−1 shifted to a higher wavenum-
ber at 1608.52 cm−1, with the disappearance of the shoulder observed at 1648.04 cm−1 in
the FTIR spectra of the control film. In addition, the band at 1164.92 cm−1 appeared as a
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shoulder at 1157.21 cm−1. These results suggest the destruction of intermolecular hydrogen
bonds between the OFICP and agar due to the insertion of the glycerol molecules and the
formation of new hydrogen bonds between glycerol, OFICP, and agar, thus confirming that
the glycerol was attracted and bound to the polymer matrix [42,56,57,64,65].

When the glycerol concentration increased to 40 and 50%, the most pronounced
change observed was the merging of the band at 2925 cm−1 into the region ranging from
3560 to 2825 cm−1, thus increasing the band’s intensity and broadness, and the appearance
of multiple new peaks within the domain ranging from 1450 cm−1 to 400 cm−1. This illus-
trates the formation of more new hydrogen bonds between glycerol, OFICP, and agar [57].
Furthermore, the characteristic bands of N-H and amide reappeared at 1589.23 cm−1 and
1666.38 cm−1, respectively. This suggests that higher concentrations of glycerol facilitate
the expression of initial polymer functions due to increases in the intermolecular space
between polymer chains [56,57,65]. The XRD results presented in the following section also
support this suggestion.

GA addition to OFICP–agar-glycerol 30% blend film significantly affected the FTIR
spectra and appeared to have changed the structure of the polymeric matrix, as shown
in Figure 7. The characteristic bands of agar and GA at 1373.22 cm−1 and 1423.37 cm−1,
respectively, appeared after the addition of 0.3 and 1.5 g of GA, respectively. This suggests
the dissociation of intermolecular hydrogen bonds between the OFICP and agar by compe-
tition with GA and the insertion of GA into the film network [42]. In addition, new bands
appeared at 1338.51 cm−1, 1365.51 cm−1, 1350.08 cm−1, and 1369.37cm−1, in parallel to
the disappearance of characteristic bands of agar (854.41 cm−1, 892.98 cm−1, 925.77cm−1),
after the addition of 0.5, 1, and 1.5 g of GA. Moreover, the main band at 1608.52 cm−1

(C=O bending groups) was gradually shifted to 1585.38 cm−1 and was accompanied by the
appearance of a new peak at 1639.38 cm−1 after the addition of 0.3 g of GA; 1585.38 cm−1

was accompanied by two new peaks 1604.66 and 1662.52 cm−1 after the addition of 0.5 g of
GA; 1573.81 cm−1 showed new peaks at 1604.66 and 1658.67 cm−1 in the film containing
1 g of GA; and 1589.23 cm−1 had a shoulder at 1654.74 cm−1 after the addition of 1.5 g of
GA. Furthermore, the broadband ranging from 3105.18–3573.85 cm−1 gradually increased
in intensity and broadness with increasing GA content. These changes suggest strong
intermolecular interactions and crosslinking reactions between the GA and OFICP, thus
indicating excellent miscibility [56].

On the other hand, adding XG to OFICP–agar-glycerol 30% blend film barely affected
the FTIR spectra; however, the characteristic band of XG at 1623.75 cm−1 appeared when
0.5 g of XG was added, confirming its incorporation into the polymer network. Further,
the band at 1608.51 cm−1 shifted to a lower wavenumber at 1593.09 cm−1 when 0.5 g of
XG was added. The band at 1105.14 cm−1 shifted to a lower wavenumber at 1099.63 cm−1

when 0.3 XG was added and disappeared when 0.5 g of XG was added. These results agree
with a similar report from [38] on blended films made of agar and XG gum. These authors
observed a shifting of peaks to lower wavenumbers with increasing XG content, suggesting
that this results from intermolecular interactions between the film components [38]. Com-
paring the effect of GA and XG addition on the FTIR spectrum of the OFICP–agar-glycerol
30% blend film, it appears that GA is more compatible with OFICP. The similarity of their
chemical structure could justify this.

The strong intermolecular interactions and crosslinking reactions that occurred be-
tween the different film compounds increase the lifetime of the resulting blend films and
preserve their performance [66,67].

3.6. X-ray Diffraction Analysis

X-ray diffraction analysis is one of the most methods used to characterize the structure
and the miscibility of blend polymers. If the blended polymers are not miscible or have
very-low compatibility, each polymer would have its own crystalline region in the blend
films. Further, this method is used to determine the degree of crystallinity in polymers [68].
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The XRD patterns of the starting materials (OFICP, agar, GA, and XG) and all the
prepared blend films are presented in Figure 8 and Figure 9, respectively. The main peak
positions are summarized in Table 3.
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F1-50%G) and OFICP–agar-glycerol 30% blend film with varying contents of GA (F2-0.3GA–F2-1.5GA)
and XG (F3-0.3XG–F3-0.5XG).
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Table 3. The position of main XRD peaks and crystallinity of OFICP and the prepared blend films.

Sample Peak Position (◦) Crystallinity
(%)

OFICP 14.92 15.27 23.49 24.37 29.67 35.95 38.15 25.89
F1-0%G 12.70 13.74 15.33 23.49 24.45 27.63 30.14
F1-30%G 14.34 23.62 29.26 35.19 37.35 6.20
F1-40%G 14.49 23.80 29.55 35.35 37.66 9.63
F1-50%G 14.49 23.80 29.52 35.37 37.66 8.64
F2-0.3GA 14.65 24.19 29.89 35.79 38.02 3.72
F2-0.5GA 13.63 15.12 24.53 30.38 38.41 4.64
F2-1GA 14.83 15.61 24.99 30.59 38.67 4.49

F2-1.5GA 14.55 24.01 25.67 26.66 28.59 29.70 7.60
F3-0.3XG 14.70 24.21 29.89 35.76 38.13 5.051
F3-0.5XG 14.44 23.88 24.09 29.57 35.42 37.79 5.033

Film formulations: F1-0%G (OFICP–agar); F1-30%G (OFICP–agar-glycerol 30%); F1-40%G (OFICP–agar-glycerol
40%); F1-50%G (OFICP–agar-glycerol 50%); F2-0.3GA (OFICP–agar-glycerol 30%-GA 0.3 g); F2-0.5GA (OFICP–
agar-glycerol 30%-GA 0.5 g); F2-1GA (OFICP–agar-glycerol 30%-GA 1 g); F2-1.5GA (OFICP–agar-glycerol 30%-GA
1.5 g); F3-0.3XG (OFICP–agar-glycerol 30%-XG 0.3 g); F3-0.5XG (OFICP–agar-glycerol 30%-XG 0.5 g).

As shown in Figure 8, the XRD pattern of OFICP showed ten main peaks at
2θ = 14.9◦, 15.2◦, 23.49◦, 24.3◦, 29.67◦, 30.09◦, 35.9◦, 38.15◦, 39.78◦, and 43.52◦, which
correspond to the chemical structure of calcium oxalate monohydrate Ca(C2O4)H2O) and
cellulose I [21,43,69]. The 14.9◦, 15.2◦, and 24.3◦ peaks were attributed to cellulose I [21,43].
The crystallinity index of OFICP was estimated at 25%.

Agar, GA, and XG (Figure 8) showed similar XRD patterns with a broad amorphous
peak centered at around 19.65◦. This corresponds to the typical diffraction pattern of these
gums, which have an amorphous structure in nature [37,39,43,56,70]. In addition, the XRD
pattern of XG showed a second diffraction broad peak centered at 13.6◦, and this may
be due to the presence of a nanocrystalline phase which is also characterized by a broad
diffraction halo, as indicated by Kushwaha et al. [71], Kumar et al. [72], and Fan et al. [36].

The addition of agar to OFICP to obtain OFICP–agar blend film (F1-0%G) gave rise
to new peaks at 2θ = 12.7◦, 13.7◦ and 27.62◦, in addition to the main characteristic XRD
peak of the OFICP, 15.2◦, which shifted slightly to a higher diffraction angle at 15.33◦

with a significant increase in its intensity (Table 3, Figure 9). On the other hand, the other
characteristic XRD peaks of OFICP at 14.92◦ did not appear in the OFICP–agar blend
film XRD pattern, while the peaks from 29.67◦ to 43.52◦ became significantly less intense
(Figure 9). Therefore, the crystallinity index of OFICP–agar blend film was estimated
at 30%. Such results suggest the rearrangement of polymer chains and the formation of
intermolecular interactions through hydrogen bonds between the chains of OFICP and
agar in the blend film, which indicated excellent miscibility [29,73].

When glycerol was added at 30% (film F1-30%G), the main characteristic XRD peaks
of the OFICP–agar blend film without glycerol (control), 12.7◦, 13.74◦, 15.32◦, 24.45◦, and
27.62◦, disappeared, while the characteristic XRD peaks of the OFICP (starting material)
reappeared with a slight shift to the left or right (Table 3). Meanwhile, the crystallinity index
of the OFICP–agar-glycerol 30% blend film (F1-30%G) decreased to 6% (as compared with
30% of the OFICP–agar blend control film). This result may be due to glycerol action, which
weakens the intermolecular forces between polymer chains and increases the interchain
space, as mentioned previously [44,48,55,64,65].

However, when the glycerol concentration increased to 40 and 50% (film F1-40%G
and F1-50%G), a right-shift in the XRD peaks’ position with an increase in their intensity
was observed, thus resulting in the film’s crystallinity increasing to 9 and 8%, respectively
(Table 3). Such a result may be due to the high concentrations of glycerol (40 and 50%),
which increase the free volume between polymer chains, causing their enhanced molecular
mobility and promoting molecular arrangement as well as the reappearance of the XRD
peaks of the OFICP crystal compounds with an increase in their intensity, thus resulting in
increases in the film’s crystallinity index [42,48,57,74].
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The addition of 0.3, 0.5, and 1g of GA to OFICP–agar-glycerol 30% blend (F2-0.3GA, F2-
0.5GA, and F2-1GA) caused a gradual right-shift in the XRD peaks’ position accompanied
by a slight increase in their intensity, while an opposite behavior was observed at the highest
content of GA 1.5 g (F2-1.5GA), which resulted in a left-shift in the XRD peaks’ position
in addition to the appearance of new peaks at 25.67◦, 26.66◦, 28.58◦ (Figure 9, Table 3).
Similarly, the XG addition at 0.3 and 0.5 g to OFICP–agar-glycerol 30% blend film (films
F3-0.3XG and F3-0.5XG) resulted in a significant increase in the XRD peaks’ intensity and a
left-shift in the peaks’ position. These results may be due to an increase in the interchain
space caused by the presence of 30% glycerol, which is associated with an increased content
of XG and GA [42,75]. Furthermore, the XRD peaks position shifting indicates an inter and
intra-molecular hydrogen-bonding formation between the film compounds, thus reflecting
excellent miscibility [38,42,65].

The presence of the crystalline components of OFICP in the different obtained blend
film structures (reflected by the appearance of the characteristic XRD peaks of calcium
oxalate in the films structure) confers the good stability and good barrier properties of the
films by protecting them from light, thus increasing their lifetime [41].

3.7. Thermal Properties by Differential Scanning Calorimeter (DSC)

The glass transition temperature (Tg) value and the heat capacity change (∆C p) ob-
tained from the DSC thermogram for each prepared blend film are presented in Table 4. The
Tg value determines the physical properties of polymers in relation to room temperature.
The polymer remains soft and flexible if the Tg value is below room temperature. [76].

Table 4. Tg values and ∆C p of the prepared films at different formulations.

Samples Code
Glass Transition (◦C)/ ∆C p (µV)

Tig Tg (Peak) Teg ∆C p (µV)

F1-0%G 03.59 01.89 0.966 1.079
F1-30%G ND ND ND ND
F1-40%G 16.45 15.42 15.073 0.576
F1-50%G 16,80 15.67 16.246 0.29
F2-0.3GA 11.36 08.87 9.633 1.019
F2-0.5GA 11.62 11.45 11.018 0.174
F2-1GA 15.98 15.29 16.423 0.013
F2-1.5GA 23.22 31.31 31.175 1.079
F3-0.3XG 27.60 27.70 25.573 0.932
F3-0.5XG 16.981 16.381 15.34 0.53

Film formulations: F1-0%G (OFICP–agar); F1-30%G (OFICP–agar-glycerol 30%); F1-40%G (OFICP–agar-glycerol
40%); F1-50%G (OFICP–agar-glycerol 50%); F2-0.3GA (OFICP–agar-glycerol 30%-GA 0.3 g); F2-0.5GA (OFICP–
agar-glycerol 30%-GA 0.5 g); F2-1GA (OFICP–agar-glycerol 30%-GA 1 g); F2-1.5GA (OFICP–agar-glycerol 30%-GA
1.5 g); F3-0.3XG (OFICP–agar-glycerol 30%-XG 0.3g); F3-0.5XG (OFICP–agar-glycerol 30%-XG 0.5 g). Tig: Initiation
temperature, Teg: final temperature. ND: Not detected.

Our results revealed that all the prepared blend films exhibited a Tg below room
temperature. Moreover, the Tg value and the ∆C p of the OFICP–agar blend film decreased
with increasing glycerol concentration, as shown in Table 4. Indeed, a Tg value of −1.89 ◦C
with ∆C p of 1.079 (µV) was observed for the OFICP–agar blend film without glycerol
(F1-0%G, control). The addition of 40 and 50% glycerol to the OFICP–agar blend (F1-40%G,
F1-50%G) significantly (p < 0.05) decreased the Tg values to −15.42 ◦C and −15.66 ◦C,
respectively, with a ∆C p of 0.58 and 0.29 (µV), respectively. Similar Tg values were reported
for many biopolymers, such as waxy maize starch film plasticized by sorbitol [77] and
edible gum cordia film plasticized by polyethylene glycol 400 [57]. Chaudhary et al. [78]
and Jouki et al. [48] found a similar profile for cress seed gum and starch plasticized by
glycerol; the authors observed that increasing the glycerol concentration decreased the
Tg value of films. The plasticization mechanism may explain this decrease in Tg value
with the glycerol addition. In fact, plasticizers, such as glycerol reduce intermolecular
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forces between the polymer chains and consequently increase the interchain space and free
volume in the polymer, resulting in a Tg value decrease [48,57,73]. Moreover, this decrease
in the Tg value may be partly due to the higher moisture content in these films (as noted in
the moisture content results section) as well as the the low Tg (−90 ◦C) of glycerol [57].

Similarly, the Tg value of the OFICP–agar-GA ternary blend film decreased with
increasing GA content. Indeed, Tg values of −8.87 ◦C, −11.44 ◦C, −15.29 ◦C, and −31.31 ◦C
were observed for the ternary blend films F2-0.3GA, F2-0.5GA, F2-1GA, and F2-1.5GA,
respectively, with a ∆C p of 1.019, 0.174, −0.013, and −1.079 (µV), respectively. This
decrease in the Tg value may be due to the structure of GA, characterized by a high
degree of branching, which increases the intermolecular space between polymer chains
and consequently decreases the Tg value [37,40,79].

On the other hand, the Tg value of the OFICP–agar-XG ternary blend film increased
with increasing XG content. Indeed, the Tg value increased from −27.70 ◦C to −16.381 ◦C
for the blend films with 0.3 g XG (F3-0.3XG) and 0.5 g XG (F3-0.5XG), respectively, with a
∆C p of 0.93 and 0.53 (µV), respectively. This result may be partly due to the ability of XG
to create strong interactions with biopolymer chains and partly due to the higher molecular
weight of XG resulting in increases in the Tg value of the ternary blend film [38,49,56,75].

DSC thermograms of all the prepared blend films displayed several peaks (Figure 10).
The DSC thermogram for OFICP–agar blend film without glycerol (F1-0%G) showed three
peaks, the first with an onset temperature of 7.48 ◦C and a peak at 12.025 ◦C at a heat
of 28.56 (µV·s/mg), followed by a second peak with an onset temperature of 19.79 ◦C
and a peak at 22.085 ◦C at the heat of 25.86 (µV·s/mg), and a third peak with an onset
temperature of 50.75 ◦C and a peak at 63.72 ◦C at a heat of 421.01 (µV·s/mg).
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Figure 10. DSC thermograms of OFICP–agar blend film with different concentrations of glycerol
(F1-0%G–F1-50%G) and OFICP–agar-glycerol 30% blend film with varying contents of GA (F2-0.3GA–
F2-1.5GA) and XG (F3-0.3XG–F3-0.5XG).



Foods 2024, 13, 78 20 of 24

The addition of glycerol, GA, and XG barely affected the DSC thermograms; however,
new peak at temperatures ranging from 1.170 ◦C to 2.50 ◦C when the heat ranged from
1 to 50 (µV·s/mg) appeared. Furthermore, a decrease in the heat at the peak ranging
from 50 to 60 ◦C with increasing glycerol concentration and GA content was observed.
In fact, the addition of glycerol decreased the heat from 421.01 (µV·s/mg) for the blend
film without glycerol (F1-0%G) to 347.836 and 139 (µV·s/mg) for the blend film with 30
and 40% glycerol (F1-30%G, F1-40%G), respectively, for the peaks at 62.91 and 66.33 ◦C,
respectively. Similarly, the addition of GA decreased the heat from 251.50 (µV·s/mg) for
the ternary blend film with 0.3 g GA (F2-0.3GA) to 23.13 (µV·s/mg) for the ternary blend
film with 1 g GA (F2-1 GA) for the peaks at 58.56 and 52.86 ◦C, respectively. Such results
may be attributed to the glycerol and GA impact, as explained above, in addition to the
heterogeneity of our samples.

Similar thermal behavior was found for many other biopolymers, such as cactus
mucilage-based films, agar-chitosan, and starch-glycerol. The authors suggested that this
behavior is related to water vaporization and successive thermal events [57,76,80,81].

4. Conclusions

In the present study, OFICP–agar binary blend film, OFICP–agar-gum arabic, and
OFICP–agar-xanthan ternary blend films were successfully eco-friendly prepared.

The results suggest that the OFICP has excellent film-forming properties when blended
with gums agar, gum arabic, or xanthan; thus, it can be successfully used for flexible
food packaging applications. FTIR and XRD analysis confirmed strong intermolecular
interactions among the different blend film compounds, which enhance the blend films’
stability and physical, barrier, and thermal properties.

Due to OFICP’s richness in bioactive compounds, OFICP–agar, OFICP–agar-gum
arabic, and OFICP–agar-xanthan blend films may serve as promising candidates for antimi-
crobial/antioxidant food packaging materials, for which an exhaustive determination of
other film properties (mechanical and other barrier properties) is required.
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