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Abstract: The conversion of waste into a valuable product is regarded as a promising alternative to
relieving the burden of solid waste management and could be beneficial to the environment and
humans. This study is focused on utilizing eggshell and orange peel enriched with banana starch
to fabricate biofilm via the casting technique. The developed film is further characterized by field
emission scanning electron microscope (FESEM), energy dispersive X-ray spectroscopy (EDX), atomic
force microscopy (AFM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR).
The physical properties of films, including thickness, density, color, porosity, moisture content, water
solubility, water absorption, and water vapor permeability, were also characterized. The removal
efficiency of the metal ions onto film at different contact times, pH, biosorbent dosages, and initial
concentration of Cd(II) were analyzed using atomic absorption spectroscopy (AAS). The film’s surface
was found to have a porous and rough structure with no cracks, which can enhance the target analytes
interactions. EDX and XRD analyses confirmed that eggshell particles were made of calcium carbonate
(CaCO3), and the appearance of the main peak at 20 = 29.65° and 26 = 29.49° proves the presence
of calcite in eggshells. The FTIR indicated that the films contain various functional groups, such as
alkane (C-H), hydroxyl (-OH), carbonyl (C=0), carbonate (CO327), and carboxylic acid (-COOH) that
can act as biosorption materials. According to the findings, the developed film exhibits a notable
enhancement in its water barrier properties, thereby leading to improved adsorption capacity. The
batch experiments showed that the film obtained the maximum removal percentage at pH = 8 and
6 g of biosorbent dose. Notably, the developed film could reach sorption equilibrium within 120 min
at the initial concentration of 80 mg/L and remove 99.95% of Cd(II) in the aqueous solutions. This
outcome presents potential opportunities for the application of these films in the food industry as
both biosorbents and packaging materials. Such utilization can significantly enhance the overall
quality of food products.

Keywords: food waste; organoleptic; biosorbent; biofilm

1. Introduction

Since the 1960s, agricultural production has increased over threefold, primarily due
to the expansion of cultivated land and technological advancements during the green
revolution. These developments have led to higher yields, which have helped to meet
the demands of a growing global population. According to the Food and Agriculture
Organization (FAO) 2017 report, the world presently produces approximately 23.7 million
tons of food daily [1]. However, agricultural production has significantly strained the
environment on a global scale, negatively impacting soil, air, and water resources, and
compromising ecosystem sustainability and human health. In addition, annual agricultural
waste production is expected to reach 998 million tons. Although the global population is
projected to reach nearly 10 billion by 2050, a sustainable path for agriculture has yet to
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be discovered [2]. Recent studies have been conducted to explore affordable and environ-
mentally friendly biosorption materials for the remediation of pollutants. Researchers have
started to focus on various agricultural waste materials, such as stone fruits, nuts and husks,
peels, wood and forest residues, and plants, due to their unique chemical composition,
abundant availability, renewable nature, and low cost.

Food-processing by-products of eggshells are among the most significant by-products,
with eight million tons annually discarded and harming the environment. Eggshells are
particularly relevant since they are abundant waste generated by the food industry. They
are economical and environmentally friendly due to their availability and lack of toxic
or hazardous constituents. They are as effective as activated carbon, which is more ex-
pensive. Adsorption properties of chicken eggshells include created porosity, calcium
carbonate (CaCO3), and protein acid mucopolysaccharides [3,4]. This protein acid mu-
copolysaccharide has hydroxyl (-OH), carboxyl (-COOH), amino (-NHy), thiol (-SH), and
amide (-CONH,;) functional groups that can be employed to bind heavy metal ions [5].
Wang et al. [6] prepared a granular bentonite-eggshell composite biosorbent for removing
lead (II). This granular biosorbent increased the pH of acid mine drainage from 3.00 to 6.10,
indicating that the acid-neutralizing capabilities of granular bentonite-eggshell composites
can minimize H+ competitive adsorption. Markovi¢ et al. [7] investigated the adsorption
capacity of raw eggshells for the adsorption of copper (II) ions from aqueous samples. In
another work, Annane et al. [8] utilized eggshell waste to remove cadmium (II) ions from
aqueous solutions.

Orange peel, a common agricultural waste, mainly consists of cellulose, hemicel-
lulose, pectin, and lignin components with various O/N-containing functional groups
and pyranose/benzene rings [9]. It is estimated that 32 million tons of orange peel are
produced annually, making it an available material for the biosorption of contaminants.
Previously, the Doehlert experimental design was used to remove chromium with orange
peel. Despite its low specific area, this biosorbent was proven to be an efficient material
(gmax = 7.14 mg/g) [10]. Modified orange peel materials were synthesized and applied
for efficient cadmium (II)-bearing wastewater purification by Tang et al. [11], showing
that mercaptoacetic acid-orange peel OH exhibits strong cadmium-sulfhydryl binding. In
contrast, Altunkaynak et al. [12] examined the removal of cobalt (II) ions from aqueous
solutions using orange peel waste. Pavithra et al. [13] developed a chitosan/orange peel
hydrogel composite to remove heavy metal ions from wastewater containing chromium
(VI) and copper (II).

The utilization of biosorbents in powder form can make it challenging to separate the
phases after biosorption. To address this issue, physical modifications of these materials
present a promising alternative. One possible solution is the development of biosorbent
films, which can effectively remove metal ions by combining the two biomaterials men-
tioned above and facilitate phase separation after biosorption [14]. Native starches are
considered among the most promising materials for film production, owing to their wide
availability, low cost, and excellent film-forming ability [15]. In particular, green banana
starch, which has a notably higher amylose concentration than potato, maize, and wheat
starch and is resistant to hydrolysis, stands out among native starches [16]. This unique
property plays a crucial role in the development of films, as it provides effective carrier
properties for biosorbent materials. Therefore, the present study utilized banana starch as
the base component for film preparation.

In this study, an eggshell /orange waste-based biosorbent film enriched with banana
starch was fabricated, and its physicochemical properties were characterized. The physical
and chemical attributes of the film, including thickness, density, structure, porosity, color,
functional groups, and water resistance, were examined. Additionally, the film'’s efficacy
in removing metal ions was evaluated under various conditions, such as pH, biosorbent
dosage, contact time, and initial ion concentration.
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2. Materials and Methods
2.1. Materials

Raw eggshell and orange peel waste were collected from households and a nearby restaurant
in Kota Kinabalu, Sabah, respectively. Green banana Saba (Musa acuminata x balbisiana) was pur-
chased from fresh mart Korporasi Pembangunan Desa (KPD), Likas, Kota Kinabalu, Sabah.

2.2. Preparation of Eggshell and Orange Peel

The orange peel was washed and dried in an oven at 80 °C for 2 h. The dried peel
was ground in a blender (Panasonic MX-337, Johor Bahru, Malaysia), sieved through a
125-micron sieve using a vibrating sieve shaker (Endecotts Minor, London, UK), and fine
powder was obtained. Fresh eggshells were washed in water to remove impurities from
raw materials and then dried in an oven at 50 °C for 5 h. The dried eggshells were crushed
and sifted through a 125-micron sieve [17].

2.3. Extraction of Starch from Banana Saba (Musa acuminata x balbisiana)

The starch from unripe banana Saba pulp (Musa acuminata x balbisiana) was isolated
using the dry extraction method, where the bananas were peeled, sliced into 2 cm slices,
soaked in a 2% w/v citric acid solution for 5 min, and blended for 2 min. The banana pulp
and the residual solution were centrifuged (Centrifuge 5430 R Eppendorf, Germany) for
5 min at 7500 rpm at room temperature, and the supernatant was discarded. The white
starch sediments were dried for 18 h in a universal oven at 55 °C and sieved with aperture
sizes of 125-micron [18].

2.4. Fabrication of Film

First, 1 g of eggshell powder (ESP, 0.5%) was mixed in 30 mL of distilled water and
stirred for 1 h at room temperature with a magnetic stirrer to fully wet the eggshell powder
particles. Following that, 6 g of banana starch flour (3%) was dissolved in 170 mL distilled
water and gelatinized for 5 min at 80 °C using a hot plate (Thermo Scientific, Shanghai,
China). Afterward, the eggshell powder dispersion was added dropwise to the incomplete
gelatinized starch solution, and magnetic stirring was performed for 30 min. The solution
was heated for 30 min at 80 °C and stirred at 400 rpm to allow complete gelatinization
of the banana starch before being cooled to room temperature. After that, 1 g of orange
peel powder (OPP, 0.5%) was added to the eggshell powder-banana starch solution and
thoroughly mixed. The final eggshell-orange peel powder-banana starch solutions were
then poured into Petri dishes and allowed to dry for 24 h at room temperature. The
development of the film is illustrated in Figure 1.

Solution casting

——

Stir at 100°C Casting Water Film formation Film peeling
evaporation off

7/

Film casted

Figure 1. Schematic diagram illustrating the fabrication of film.
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2.5. Method Characterization

The FESEM images of banana starch, eggshell powder-banana starch, orange peel
powder-banana starch, and eggshell-orange peel powder-banana starch film was obtained
from field emission scanning electron microscopy equipped with energy-dispersive X-ray
spectroscopy (FESEM-EDX) (JEOL, JSM-7900F, Tokyo, Japan). The film samples were
coated with gold using a sputter coater (Quorum, Q150T ES PLUS, West Sussex, England)
before scanning by FESEM-EDX. The surface roughness of the film was characterized by a
high-resolution atomic force microscope (AFM) (Bruker MultimodeE4-Sys(8E/8]J), Billerica,
MA, USA) in tapping mode under ambient temperatures (22 °C). X-ray diffraction of the
films was recorded by an X-ray diffractometer. The radiation used was Cu K-alpha whereas
nickel metal was used as a beta filter. The range of diffraction angle was 10-80° (26,°).
The presence of functional groups in the films was determined by the FTIR spectrometer
(Agilent Cary 630, Delhi, India) in the spectrum range of 4000-400 cm 1.

2.5.1. Thickness and Density

The thickness of banana starch, eggshell powder-banana starch, orange peel powder-
banana starch, and eggshell-orange peel powder-banana starch films was measured at
five random points using a digital micrometer (Starrett, Athol, MA, USA) with an accuracy
of 0.001 mm. The average value was then calculated. Next, the original weight (W;)
(2 cm x 2 cm) was estimated. The films were dried for 24 h at 105 °C, while the final weight
(W¢) was measured and recorded. The density was evaluated using Equation (1) below [19]:

Density = (W; — W¢)/(A x t) 1

where Wi is the initial weight of the film before drying (g), W¢ is the final weight of the film
after drying (g), A is the area of the film (cm?), and t is the film thickness (mm).

2.5.2. Color Measurement

The color of the films was determined by a colorimeter (HunterLab ColorFlex, Petaling
Jaya, Malaysia) and expressed as the average L value (lightness), a value (redness/greenness),
and b value (yellowness/blueness). The yellowness index and whiteness index were cal-
culated using Equations (2) and (3). The total color difference (AE) was also calculated by
Equation (4) [20].

Yellowness index = 142.86 (b/L) )
Whiteness index = 100 — (100-L)?+ a® + b? (3)
AE = [(L* — L) + (a* — a) + (b* — b)?]'/2 (4)

where, L*(94.60), a*(—0.42), and b*(3.24) were the standard color parameters of the calibration plate.

2.5.3. Porosity Measurement

A liquid displacement method was used to calculate the percentage of film porosity.
The displacement liquid was chosen to be ethanol. This method involved immersing the
various dried film formulations in absolute ethanol for 24 h. After reaching equilibrium,
the films were removed, and the weight of residual ethanol was recorded [21]. The porosity
of the films was calculated using Equation (5) below.

Porosity (%) = [(Wa — Wi — W5)/ (W5 — W3)] x 100 ()

where Wi is the weight of the film, W is the sum of the ethanol and the immersed film,
and W3 is the weight of residual ethanol after the removal of the film.
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2.5.4. Moisture Content and Water Solubility Analysis

The weight of each film (2 cm X 2 cm) was measured to obtain the initial sample
weight (W1), and each film was dried at 105 °C until reaching a constant weight (W5).
Moisture content was measured according to Equation (6) [22]:

Moisture content (%) = (W1 — W5)/W7 x 100 (6)

For the water solubility test, each film was then immersed in 50 mL of ultrapure water
and kept at room temperature for 24 h. After hydration, the wet film was gently wiped
using filter paper and dried in an oven at 105 °C for approximately 24 h, and the final
weight (W3) was recorded. Therefore, the water solubility of the film (%) was determined
using Equation (7) below:

Water solubility (%) = (W — W3)/W; x 100 (7)

2.5.5. Water Absorption and Water Vapor Permeability

The water absorption (or swelling) of the film was calculated as the percentage of
water absorbed by the film after 1 h of immersion in water. A film sample (2 cm X 2 cm)
was weighed to determine the initial weight (W;) before being submerged in 20 mL of
water in a 50 mL container. The container was closed and left at room temperature for 1 h.
After 1 h of immersion, film samples were removed, wiped with tissue paper to remove the
excess water on the surface, and their wet weight (W) was recorded, followed by water
absorption calculation using Equation (8) below [23].

Water absorption (%) = (Wy — W;)/W; x 100 (8)

The water vapor permeability values were obtained using the ASTM E96 method
known as the “cup method” through a specifically developed permeability cell [24]. Each
400 mm? film was sealed at the top of a cup with a double-sided tape containing 30 g of
silica gel and laminated with aluminum foil. Each cup was then placed in a desiccator
filled with water at 25 °C, and the weight was recorded every 24 h until a constant weight
was obtained. The water vapor transmission rate and permeability were determined using
Equations (9) and (10), respectively:

Water vapor transmission rate (WVTR) = Am/(A x At) 9)

Water vapor permeability (WVP) = WVTR (x)/AP (10)

where Am is the gained weight, A is the film exposed area (mm?), At is the test time (day),
x is the thickness (m) of the film, and AP is the differential of water vapor pressure through
the film (Pa). A driving force of 2339 Pa was applied as a differential vapor pressure
of water.

2.6. Removal Efficiency Studies

The batch adsorption experiments were performed to investigate the kinetic absorption
of cadmium(II) metal ions onto the eggshell-orange peel powder-banana starch film by
studying the effects of the adsorbent dosage, pH, contact time, and initial concentration.
The metal ions standard solution (1000 mg/L) was used to prepare 100 mg/L of metal
ions stock solution. In this study, the adsorbent dosage varied from 1.2 g to 6 g. The
pH was varied from 2 to 10, and it was adjusted using 0.1 M HCl and 0.1 M NaOH
solution. The contact time varied from 15 to 120 min. After a predetermined time was
reached, the adsorbate mixture was withdrawn and filtered. Metal ions were initially
concentrated at 5 ppm to 100 ppm. Finally, the amount of metal ions left in the filtrate was
determined using an Atomic Absorption Spectrophotometer (AAS). After the adsorption
process, the removal percentage (%) and adsorption capacity (mg/g) were calculated using
Equations (11) and (12) [13]:
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Removal (%) = [(Initial metal concentration — Final metal concentration)/Initial metal concentration] x 100 (11)

Adsorption capacity (qe) = [(Cy — Ce) x V/m] (12)

where Cy and C, are the initial and final metal ion concentrations (mg/L), V is the volume
of the solution in liters, and m is the weight of the dry adsorbent in grams.

2.7. Statistical Analysis

The results will be expressed as the means =+ standard deviation (SD) of 5 replicate
(n = 5) measurements to ensure the accuracy of data. IBM SPSS Statistics 27 will be used
to analyze the data. The physicochemical properties data were analyzed using one-way
analysis of variance (ANOVA) with a post hoc Tukey test to measure significant differences
(p < 0.05).

3. Results and Discussion
3.1. The Yield of Eggshell and Orange Peel Powder and Banana Starch

A summary of eggshell, orange peel, and banana starch yield is shown in Table 1.
The drying process provided a 96.64 & 1.94% and 21.69 £ 1.47% yield of eggshell and
orange peel powder, respectively. The extraction process of banana starch provided a
13.59 £ 0.99% yield, from which approximately 1.8 kg of the banana pulp can yield 230 g of
banana starch flour. According to Chévez-Salazar et al. [25], banana starch extracts yielded
5.78-12.73%.

Table 1. The yield of eggshell and orange peel powder and banana starch.

Powder Yield (%) Photo

Eggshell 96.64 +1.94
Orange peel 21.69 + 1.47
Banana starch 13.59 £+ 0.99

3.2. Optical and Appearance of the Film

The optical, sensory evaluation, and physical appearance of banana starch, eggshell
powder-banana starch, orange peel powder-banana starch, and eggshell-orange peel
powder-banana starch films are shown in Table 2. The films were cast onto Petri dishes
for drying. All films were uniform and had no cracks after drying. The surfaces of banana
starch and orange peel powder-banana starch films were smooth with a plastic structure.
However, the surfaces of eggshell powder—banana starch and eggshell-orange peel powder—
banana starch films were rough due to calcium carbonate (CaCO3) from eggshell powder
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agglomerating on the starch matrix. The agglomeration leads to poor eggshell powder
dispersion, which causes roughness on the film surface [26].

Table 2. The optical and physical appearance of the films.

Film BS ESP-BS OPP-BS ESP-OPP-BS

L 93.32 +1.534 72.50 £ 1.70 ® 84.90 +2.75°¢ 61.06 +1.172

a —5.68+0.302 3.86 £0.15P —5.52 4+ 0442 —3.86+0.11"

b 1114 £ 1542 13.54 + 091P 19.66 + 0.15 © 23.26 +0.33 4
AE 9.68 + 1.562 24.65 4+ 1.45¢ 19.86 + 1.43b 39.22 +0.86 4
Yellowness index 17.09 £ 2.612 26.68 = 1.69 P 33.11 +1.18°¢ 54.43 +0.57d
Whiteness index 85.80 4+ 1.98d 69.08 + 1.43P 7453 +1.71°¢ 54.47 + 0.86 2
Color White Light brown Light yellow Yellow-brown
Texture Dry, smooth Dry, rough, brittle Dry, smooth Dry, hard, rough
Smell Odorless Sulfur smell Orange fragrance Soft orange fragrance
Appearance

Different superscript lowercase letters within the same row indicate significant differences between film samples
by Tukey’s test (p < 0.05) with data mean (n = 5). BS: Banana starch; ESP-BS: Eggshell powder—banana starch;
OPP-BS: Orange peel powder-banana starch; ESP-OPP-BS: Eggshell-orange peel powder-banana starch.

The color of films is a crucial factor in their overall appearance and consumer accep-
tance. L, a, and b values were measured to describe a three-dimensional color space. L indi-
cates lightness and reads from 0 (black) to 100 (white). A positive a value indicates redness,
while a negative a value indicates greenness; a positive b value represents yellowness, while
a negative b value represents blueness [27]. The degree of total color difference from the
standard color plate is measured by the color difference (AE) [20]. The lowest AE was found
in the control banana starch film (9.68 & 1.56). The eggshell powder addition generally
increased the AE value in the eggshell-orange peel powder-banana starch (39.22 + 0.86)
and eggshell powder-banana starch (24.65 £ 1.45) films. Chareonsuk et al. [28] found that
eggshell powder can induce overall color change in biocomposite films.

Considering the a value, it was observed that the a values showed no significant
difference (p > 0.05) between banana starch (—5.68 & 0.30) and orange peel powder-banana
starch (—5.52 £ 0.44) film. However, the addition of eggshell powder yielded a slightly
higher a value in eggshell powder—banana starch (—3.86 & 0.15) and eggshell-orange peel
powder-banana starch (—3.86 £ 0.11) films compared with the control banana starch film.
The L and b values were significantly different when compared between the films (p < 0.05).
The control banana starch film (93.32 &= 1.53) had the highest L value, followed by orange
peel powder-banana starch (84.90 & 2.75), eggshell powder-banana starch (72.50 £ 1.70),
and eggshell-orange peel powder-banana starch (61.06 = 1.17) films. It was observed that
the addition of eggshell powder made the eggshell-orange peel powder-banana starch
film darker and had the lowest L value compared with the control banana starch film. In
addition, the eggshell-orange peel powder-banana starch film (54.47 &+ 0.86) also had the
lowest whiteness index value compared with other films. Incorporating polymer with
orange peel contributed to a yellower and darker brown composite film.

On the contrary, the control banana starch film (11.14 =+ 1.54) had the lowest b value,
while the orange peel powder addition increased the b values of the orange peel powder—
banana starch (19.66 & 0.15) and eggshell-orange peel powder-banana starch (23.26 & 0.33)
films. The b value indicated that the yellow color intensity of orange peel powder—loaded
films increased when compared with control banana starch and eggshell powder-banana
starch films. In addition to that, the yellowness index values of the films changed sig-
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nificantly (p < 0.05) with the addition of orange peel powder. The results showed that
eggshell-orange peel powder-banana starch (54.43 & 0.57) and orange peel powder-banana
starch (33.11 £ 1.18) films had the highest yellowness index values compared with control
banana starch (17.09 & 2.61) and eggshell powder-banana starch (26.68 £ 1.69) films. These
study results were similar to other studies that observed that films containing orange peel
powder had a yellowish color owing to the existence of carotenoid pigments in the orange
peel [17,29]. Hence, adding orange peel powder increased the greenness and yellowness
values of the films due to the orange peel powder having relatively low a and high b
values [30].

3.3. Morphology Analysis

Figure 2 exhibits the surface and cross-section FESEM images of the films at x10,000
and %1500, respectively. The surface of the banana starch film (Figure 2a) was smooth
and homogenous without pores and cracks compared with other films. Similar results
were obtained by Vonnie et al. [16] and Tibolla et al. [31]. This may be related to their
high content of starch, especially amylose, and low content of other macromolecules. The
presence of starch molecules formed stable complexes in the polymer matrix, resulting in a
homogeneous polymeric structure of the banana starch film [32]. Based on Figure 2b, the
addition of eggshell powder to the starch matrix showed that the surface of the eggshell
powder-banana starch film was porous and irregularly shaped. As a result of the addition
of eggshell powder to banana starch, agglomeration was formed in the polymeric film
matrix. A nonuniform dispersion of eggshell powder particles in the banana starch film
matrix decreased the interaction between eggshell powder particles and the banana starch
film matrix [33]. On the other hand, Figure 2c reveals that the surface of the orange
peel powder-banana starch film was rough and nonuniform without any cracks, which
enhanced the target analytes’ interaction [34]. However, Figure 2d shows a porous surface of
the eggshell-orange peel powder-banana starch film without cracks. The addition of orange
peel powder improved the structure of eggshell powder particles with no agglomeration
occurring. Yaradoddi et al. [35] found that orange peel waste is largely composed of
cellulose, pectin, lignin, and hemicellulose. Due to the high content of these components,
the eggshell powder particles dispersed and adhered well to the polymer matrix.

In terms of cross-section, the banana starch film (Figure 2(al)) exhibited a continuous
and compact matrix. Meanwhile, Figure 2(b1) revealed that eggshell powder-banana starch
film has a microporous structure according to the reported literature [36]. Its porous external
and internal layers make raw eggshell an appealing bio-adsorbent due to its high adsorption
capacity. The external surface of the eggshell consists mainly of calcium carbonate (CaCO3).
In contrast, the inner layer consists primarily of uncalcified fibrous membranes composed
mainly of organic compounds [37]. In Figure 2(c1), the cross-sectional image of an orange
peel powder-banana starch film also shows a slightly porous structure. A similar study by
Pavithra et al. [13] found that composite films made of orange peel powder had pore-like
and curved structures. Due to the presence of these pores, the orange peel powder will have
a better capacity for target analytes adsorption. This is because they can diffuse into and get
trapped at the active sites. By combining eggshell powder and orange peel powder, the film
becomes highly porous and has more adsorption sites for analytes, as shown in Figure 2(d1).
As the eggshell-orange peel powder—banana starch films exhibit porous surface textures,
they enhance the surface area of the adsorbent, allowing adsorption to occur while also
providing a nonadhesive appearance that prevents agglomeration. Biosorption of analytes
from an aqueous medium will be facilitated by improving porosity and fracture structure.
In view of this, the eggshell-orange peel powder-banana starch film has been declared
suitable for the removal of various target analytes.

An AFM was used to observe the surface structure in deeper insight. The AFM three-
dimensional images with the root-mean-square roughness (Rq) and average roughness
(Ra) values in Figure 3 clearly demonstrate that the surface of the eggshell powder-banana
starch film (Figure 3b) and orange peel powder-banana starch film (Figure 3c) was rougher
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than the surface of the banana starch film (Figure 3a) and of the eggshell-orange peel
powder—banana starch film (Figure 3d), which agreed well with FESEM observation. The
eggshell powder-banana starch and orange peel powder-banana starch film obtained
73.3 and 48.3 nm of Ra values, respectively. In contrast, the banana starch and eggshell—-
orange peel powder-banana starch film had the lowest Ra values with 35.2 and 30.4 nm,
respectively (Figure 3e). As a result of the incorporation of eggshell powder and orange
peel powder together with starch, the film has been able to maintain its porous structure
while improving its surface roughness with the absence of agglomeration.

1pm  JEOL /7 10pm  JEOL 9/14/2022
%10,000 5.0kV SEM WD 8.7mm SEM WD 12.2mm 16:06:39

9/7/2022
15:42:

[ 43l
lpm  JEOL 9/8/2022 — 10pm JEOL 9/19/2022
x10,000 5.0kV SEM WD 8.8mm 10:45:08 ,500 5.0kV SEM WD 7.5mm 10:16:27

Figure 2. Cont.
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Figure 2. FESEM images of (a) BS, (b) ESP-BS, (¢) OPP-BS, and (d) ESP-OPP-BS films at a mag-
nification of x10,000 with the cross-section images of (al) BS, (b1) ESP-BS, (c1) OPP-BS, and (d1)
ESP-OPP-BS films at a magnification of x1500.

The elemental composition analysis of the films was determined using EDX. The
major elements found in the films are carbon (C) and oxygen (O). The EDX results indicate
that 85.6% carbon, 12.5% oxygen, and 0.2% potassium were detected in the banana starch
film (Figure 4a). According to Pongsuwan et al. [38], banana powder contains mostly
carbon (53.9%) and oxygen (42.5%), which indicates it is a high source of organic matter.
The EDX of the eggshell powder-banana starch film (Figure 4b) demonstrates that the
eggshell powder particles contain calcium (8.8%), oxygen (41.8%), magnesium (0.3%), and
phosphorus (0.2%), with the presence of carbon (47.9%). The results of these analyses are
comparable to Kim et al. [39], who found that chicken eggshell powder primarily consisted
of calcium, oxygen, and carbon, along with minor amounts of magnesium. These showed
that the eggshell powder particles were made up of CaCO3 and contained a significant
amount of carbon in the graphite.

The orange peel powder-banana starch film (Figure 4c) contains carbon (69.6%),
oxygen (17.3%), and nitrogen (12.0%), accompanied by small amounts of potassium (0.2%),
sulfur (0.2%), zinc (0.2%), chlorine (0.1%), and calcium (0.1%). The percentages of carbon
and oxygen elements in the eggshell-orange peel powder-banana starch film are 72.9%
and 17.1%, respectively (Figure 4d). This is due to extensive hydrogen bonding interactions
between eggshell powder, orange peel powder, and starch. Eggshell powder and orange
peel powder hydroxyl groups can bind with starch hydroxyl groups, reducing the number
of polymer chain molecules and improving film stability [40]. Nitrogen (8.1%), sulfur
(0.5%), calcium (0.3%), and potassium (0.2%) were also present in the eggshell-orange peel
powder-banana starch film. Due to the abundance of oxygen surface atoms present in
orange peel powder, more biosorption activity could be achieved by interacting with the
target analytes [41]. The mineral components, such as magnesium, phosphorus, potassium,
nitrogen, sulfur, zinc, and chlorine were nutrients that the banana and orange plants
accumulated during growth [42].

The amorphous and crystalline states of films composed of banana starch, eggshell,
and orange peel powders were investigated by XRD analysis. For the banana starch film,
starch particles have a semi-crystalline nature, as shown in Figure 5a. As shown in XRD
patterns, banana starch granules displayed points of a small peak at 15.18°, a strong peak
at 17.14°, and a broad peak at 22.00°. Generally, starch granules originating from different
sources exhibit varying crystallization characteristics. As reported previously, banana
starch displays B-type crystallinity regardless of the variety and starch source [43]. For
orange peel powder—banana starch film (Figure 5¢), the XRD pattern showed a small peak
at 14.95°, a strong peak at 16.91°, and a broad peak at 22.54°.
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Figure 3. AFM three-dimensional images of the (a) BS, (b) ESP-BS, (c) OPP-BS, and (d) ESP-OPP-
BS films, and (e) the root-mean-square roughness (Rq) and average roughness (Ra) on the surface
of films.
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Figure 5. XRD spectrum of (a) BS, (b) ESP-BS, (c) OPP-BS, and (d) ESP-OPP-BS films.

Similar XRD peaks for orange peel powder were found by Akinhanmi et al. [44] at
20 =16.3° and 22.3° for cellulose, which indicates it is an amorphous cellulose structure.
Figure 5b,d illustrate the amorphous structure of banana starch and orange peel powder
with the crystallinity of the eggshell powder particles, which contain a main peak at
20 =29.65° and 20 =29.49°, as well as smaller peaks at 26 = 23.12°, 36.16°, 39.52°, 43.24°,
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47.17°,48.57°,57.67°, and 20 = 23.13°, 36.09°, 39.54°, 43.31°, 47.28°, 48.67°, 57.61°, which
confirm the presence of calcite in eggshells [8]. Calcite is the most stable form of CaCOs3
at room temperature, and it is found in eggshells and other rigid materials [45]. The XRD
results of both films show that the composition of the uncalcined eggshell is mainly made
up of calcium-magnesium carbonate (CaCO3-MgCQO3), with the absence of a calcium oxide
(CaO) peak [46]. This confirms the composition of the eggshell, which is mostly made up
of CaCO:s.

3.4. Infrared Spectroscopy

Figure 6 shows a spectrum of the FTIR-spectroscopic analysis performed on the
films to confirm the existence of diverse functional groups. The film’s spectra exhibited
nearly identical peaks due to their chemical similarities in starch and cellulose. The films
demonstrated that peak bands at 3241.88 to 3267.97 cm~! were identified as complex
vibrational -OH stretching of hydrogen-bonded hydroxyl group [47]. Bands at 2919.37 to
2924.96 cm~! were typical of -CH bond stretching of the alkanes group [48]. The peak bands
at 1636.78 to 1638.65 cm ! were the effects of vibrational C=0 stretching of carbonyl groups
of amide I resulting from water adsorbed in amorphous amylose regions, while bands at
1362.74 cm~! and 1364.61 cm~! were in the region of amide III. Bands in the amide III
region were caused by C-N bond stretching and N-H bond inflection. Those bands indicate
residual proteins in the starch film [48]. Furthermore, the prominent bands detected at
1148.36 cm ™! are caused by starch stretching of the C-C and C-O groups. The peaks at
1077.52 cm~! and 1075.65 cm ! were attributed to the C-O bond stretching of carboxylic
acid (-COOH) groups, which has a major influence on the adsorption process and the
effectiveness of adsorbing target analytes through ion exchange. The bending of COH and
-CH groups caused by the cellulose component resulted in the peak at 1340.37 cm ! of
the orange peel powder-banana starch film (Figure 6¢) [49]. A peak of eggshell powder
particles was found in the eggshell-orange peel powder-banana starch film at 1407.48 cm !
(Figure 6d), which is closely related to the presence of carbonate minerals inside the film
matrix. The carbonate absorption peak at 1407.48 cm~! is also notable and supports
the results of Onwubu et al. [50]. They mentioned that carbonate-based materials often
detected the C=0O bond’s broad stretching frequency in carbonate ions. The starch C-O
bond’s vibrational stretching was found from 989.90 to 991.76 cm~!. Peak bands between
928.38 and 932.11 cm ! were caused by the saccharide structure. The bands are attributed
to C-O, C-O-H, and C-O-C bonds stretching in the glycosidic backbone of starch. According
to Alimi and Workneh [51], changes in the position and intensity of the bands may be
due to the existence of a-1,6 glycosidic linkages of amylopectin. Furthermore, the peak
band found at 861.27 cm~! in eggshell powder-banana starch (Figure 6b) and eggshell-
orange peel powder-banana starch films was related to asymmetric stretching of the
C-H bond assigned, as well as in-plane and out-of-plane deformation, confirming the
presence of CaCOj3. With the addition of eggshell powder, the peak at 3267.97 cm ™! of -OH
stretching and the peak at 2924.96 cm ! of -CH stretching were reduced to 3258.65 cm™!
and 2919.37 cm~!, respectively. These findings revealed an increase in the number of
hydrogen bonds formed between the starch molecules and the eggshell powder particles,
which resulted in a decrease in the vibrational frequency of the pyranoid ring skeleton and
a shift in the absorption bands to a lower wavenumber. The addition of eggshell powder
enhanced hydrogen bonding, decreasing water adsorption sites and strengthening the
compact structure of composite films by reducing free spaces in the film network. Thus,
the eggshell powder-banana starch and eggshell-orange peel powder-banana starch films
have consequently improved their resistance to water and oxygen.

3.5. Thickness, Density, Porosity, and Water Barrier Property

The thickness, density, porosity, and water barrier property values of the films are
shown in Table 3. Film thickness is a crucial factor in determining the physical properties of
a film. The results showed that the thickness of all the films changed significantly (p < 0.05)
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from 0.02 £ 0.01 to 0.07 &= 0.01 mm. The eggshell-orange peel powder-banana starch
film presented the highest thickness value (0.07 £ 0.01 mm). The thickness of the control
banana starch film was 0.02 & 0.01, whereas the thickness of the eggshell powder-banana
starch film was increased to 0.05 £ 0.01 mm due to the presence of CaCOj3 particles in the
eggshell powder, which improved the intermolecular bonding between ESP and starch
film matrix [52]. It was also found that the addition of orange peel powder increased the
orange peel powder-banana starch film thickness to 0.04 = 0.01 mm. This was similar to
Terzioglu et al. [30] findings, which resulted in an increase in film thickness due to the
structure of the incorporated orange peel powder. This is because the powder was made
up of both soluble and insoluble fibers. Moreover, the increase in thickness associated with
orange peel loading was due to an increase in the size and solid content of the orange peel
agglomerates [53]. Thus, the addition of eggshell and orange peel powder can significantly
increase the thickness of starch films.
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Figure 6. FTIR spectra of (a) BS, (b) ESP—BS, (c) OPP—BS, and (d) ESP—OPP—BS films.

Table 3. The physical parameters values of the films.

Parameters BS ESP-BS OPP-BS ESP-OPP-BS
Thickness (mm) 0.02 4+ 0.012 0.05+0.01° 0.04 +0.01° 0.07 +0.01°¢
Density (g/cm?) 0.26 +0.14° 0.13 £ 0.03 2P 0.20 & 0.08 2P 0.09 4 0.012
Porosity (%) 36.52 +1.822 78.51 + 3.24 b¢ 76.57 +2.92° 82.53 4+ 3.94 ¢
Moisture content (%) 1123 +0.722 9.98 + 0.46 bc 10.59 + 0.41 2 10.23 4 0.40 bc
Water solubility (%) 20.10 £2.29 ¢ 13.06 +1.312 16.66 + 1.64 ° 1358 +1.012
Water adsorption (%) 164.07 + 47.30 88.64 + 8.872 123.29 + 28.83 2P 93.88 + 28.48 2
Water vapor permeability (gs~! m Pa) (x10712) 220+041° 52242082 3.95+2292 6.47 £2.592

Different superscript lowercase letters within the same row indicate significant differences between film samples
by Tukey’s test (p < 0.05) with data mean (n = 5). BS: Banana starch; ESP-BS: Eggshell powder-banana starch;
OPP-BS: Orange peel powder-banana starch; ESP-OPP-BS: Eggshell-orange peel powder-banana starch.

At the same time, the density of all the films ranged from 0.09 £ 0.01 to 0.26 &= 0.14, and
it was observed that they increased (p < 0.05) with the addition of eggshell and orange peel
powders. No significant difference (p > 0.05) was observed between the density of eggshell
powder—banana starch (0.13 £ 0.03) and orange peel powder-banana starch (0.20 & 0.08)
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films. However, the control banana starch film (0.26 & 0.14) had the highest density, which
might be due to a more compact structure of the starch film, which can be seen in the
cross-section image (Figure 2al). Meanwhile, the eggshell-orange peel powder-banana
starch film (0.09 £ 0.01) had the lowest density, which may be due to the porous structure
of the film. The existence of pores can result in a lower density in composite film [54].

It is essential to determine the porosity percentage of the films in order to measure
properties, such as water absorption and water vapor permeability. Furthermore, an ideal
biosorbent film requires porosity for effective adsorption. Here, the porosity percentage
of the films was evaluated, and the results are shown in Table 3. The results show that
the porosity of the banana starch film significantly increased (p < 0.05) from 36.52 £ 1.82%
to 82.53 £ 3.94% with the addition of eggshell powder and orange peel powder. This is
due to the eggshell powder containing high CaCOj3 concentrations, high porosity, and
availability of functional groups [55], which is confirmed by the FTIR results. According
to Kim et al. [39] and Dey et al. [41], chicken eggshell powder and spent orange peel had
mesopore structures with 144.649 A and 56.4 A of pore size, respectively. Thus, the results
obtained clearly indicate that both eggshell powder and orange peel powder are effective
as bio-adsorbent materials for target analytes removal.

Moisture content, water solubility, water absorption, and water vapor permeability of
films were measured to determine the film’s water barrier properties. Moisture content
is the quantity of moisture present or absorbed by the film from the environment and
released as vapor at high temperatures (80-100 °C) [56]. It is expressed as a percentage of
the total mass of the material [57]. The amount of water molecules available in the network
microstructure of the film contributes to the moisture content of composite films. Referring
to Table 3, the moisture content of the banana starch film was found to be the highest at
11.23 £ 0.72% followed by orange peel powder-banana starch film with 10.59 £ 0.41%.
As a result of starch’s hydrophilic nature and its hydroxyl groups (-OH), water molecules
or moisture are absorbed by it from the environment [58]. The moisture content in the
eggshell powder-banana starch and eggshell-orange peel powder-banana starch film was
significantly decreased (p < 0.05) to 9.98 & 0.46 and 10.23 4 0.40, respectively compared
with control banana starch film because of the discontinuity of the starch matrix, thus
making space for water to escape from the structure of the starch [59]. The interaction of the
eggshell powder and orange peel powder with the polymer matrix resulted in the formation
of hydrogen bonds with hydroxyl groups (-OH). There was less starch—starch interaction
due to the biosorbent matrix, which resulted in a reduction in the water absorption capacity
of the film [60].

The water solubility of the film is an extremely critical and important parameter,
especially if the film is directly exposed to water [61]. The control banana starch film
(20.20 £ 2.29%) displayed the highest solubility in water followed by orange peel powder—
banana starch film (16.66 & 1.64%). The values for solubility in water were seen to decrease
significantly (p < 0.05) upon adding eggshell powder in both eggshell powder—-banana
starch (13.06 & 1.31%) and eggshell-orange peel powder-banana starch (13.58 £ 1.01)
films. In this study, the water solubility of banana starch and the composite films followed
the same pattern as the moisture content. This showed that eggshell powder reduced
the hydrophilicity of films. In this case, the hydroxyl groups (-OH) of degraded starch
interacted with the functional groups of ES molecules, resulting in a cross-linking network
between them. Furthermore, eggshell powder-banana starch and eggshell-orange peel
powder-banana starch films were less attractive to water molecules because of the reduced
number of free -OH groups, which also slowed down the release of free polymer chains
from starch to water, and caused eggshell powder-banana starch and eggshell-orange peel
powder-banana starch films to be less soluble in water than banana starch films. A slight
decrease in orange peel powder-banana starch film was due to essential oil compounds in
the orange peel powder particles that were insoluble in water. Moreover, this decrease was
also caused by cellulose insolubility in orange peel powder [62].
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As banana starch has free hydroxyl groups (-OH), it can exhibit high water adsorption,
swelling, and solubility, resulting in one of the major disadvantages of banana starch
composite films. The percentage of water adsorption of the films can be found in Table 3.
As can be seen from the results, all films adsorbed water very well during the 60 min
immersion process to reach the saturation level. Even though starch is one of the most
hydrophilic materials, adding the eggshell powder to the material can obviously enhance
its water resistance properties. The water adsorption value for the control banana starch
film was 164.07 & 47.30%, while it was reduced significantly (p < 0.05) to 88.64 £ 8.87%
and 93.88 + 28.48% for the eggshell powder—banana starch film and eggshell-orange peel
powder-banana starch film, respectively. Water adsorption decreased significantly with
eggshell powder loading due to the hydrophobic nature of eggshell powder particles as
well as their interactions with the banana starch film matrix (decrease in the number of free
hydroxyl groups) [23].

Film water vapor permeability refers to the impedance of the material to water vapor from
the environment. Relatively speaking, the banana starch film showed a 2.20 + 0.41 gs~! m Pa
(x10712) of water vapor permeability, which was increased to 6.47 + 2.59 gs~' m Pa (x10~'2) in
the eggshell-orange peel powder-banana starch film. The hydrophobic nature of eggshell
powder resulted in a significant reduction in water adsorption due to the reduced amount
of free OH groups that can form tortuous film structures, which increased the effective
diffusion path length of water. On the other hand, adding eggshell powder particles
could create channels or microvoids at the interface of the matrix, increasing water vapor
permeability and providing large direct paths for water molecules [63]. This result was in
good accordance with the FESEM observation in Figure 2 and FTIR analysis in Figure 6,
in which the wide pores of eggshell and orange peel composites caused the water vapor
permeability of the eggshell-orange peel powder-banana starch film to be the highest.

3.6. Effects on pH, Biosorbent Dosage, Contact Time and Initial Concentration

The pH of a solution is a fundamental parameter that determines its removal efficiency
(%) due to the fact that the pH of a solution affects the active sites on the biosorbent. Initially,
the pH of the aqueous solution was 2.3. Here, the pH of the 5 mg/L of Cd(II) ion solution
varied from 2 to 10 at a constant 1 g of biosorbent dose and 60 min contact time to evaluate
the optimum pH for the removal of Cd(Il) at room temperature. As the pH increased, the
removal efficiency (%) increased and the maximum value was obtained at pH 8, which,
then decreased drastically at pH 10 (Figure 7a). Similar findings were reported by Bhutto
et al. [64]. After the optimum pH was achieved, the percentage removal of Cd(II) decreased
as its pH increased from 8 to 9 for Cd(Il) ions. Therefore, pH 8 was selected for further
biosorption experiments of Cd(II) ions. It was also observed that the biosorption of Cd(II)
ions from an aqueous solution increased with an increase in the amount of eggshell-orange
peel powder-banana starch film ranging from 1.2 to 6.0 g at pH 8, Cd(Il) ions concentration
of 5 mg/L, and 60 min of contact time at room temperature. The highest quantitative
adsorption of Cd(II) ions was observed at 6.0 g of the eggshell-orange peel powder-banana
starch film (Figure 7b). As for the 6.0 g biosorbent dosage, the removal rates of Cd(Il)
ions reach 99.30%. An increased eggshell-orange peel powder-banana starch film dose
suggested increased adsorption sites and surface area accessible for adsorption. Thus, 6.0 g
of the eggshell-orange peel powder-banana starch film dosage was selected for Cd(II)
further study.

Next, the eggshell-orange peel powder-banana starch film has been examined for
Cd(II) ions removal with contact times ranging from 15 to 120 min at fixed intervals of
15 min. The optimum contact time for the removal of Cd(Il) ions was observed at 120 min
(Figure 7c). The biosorbent surface has many active sites available to bind the metal ions
at the starting process, thus allowing the removal of metal ions to occur quickly [64]. The
percentage removal of metal ions increased from 78.39% to 88.32% for Cd(Il) ions. The
effect of the initial concentration of Cd(II) solutions was analyzed for 5, 20, 40, 60, 80, and
100 mg/L concentrations by maintaining other factors, such as pH 8, 6.0 g of biosorbent
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dosage, 120 min of contact time, and temperature as constant room temperature. Upon
increasing the metal ion concentration from 5 to 80 mg/L, the percentage elimination of
Cd(II) increased from 94.72 to 99.95% (Figure 7d), and then, decreasing at 100 mg/L concen-
trations. The removal percentage decreases when the Cd(II) ions concentration increases
to 100 mg/L due to the lower value of the surface area to the metal ions concentration
ratio and the decrease in the availability of metal-ion binding sites [13]. The overall results
revealed that the eggshell-orange peel powder—banana starch film could remove Cd (II)
ions with 99.95% of removal rates at 100 mg/L concentrations. This study is also compared
with other findings shown in Table 4.
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Figure 7. Effects of (a) pH, (b) biosorbent dosages, (c) contact time, and (d) initial concentration on
the removal efficiency of Cd(II) ions by ESP-OPP-BS film.

Table 4. Comparison of removal percentage of biowaste biosorbents.

Biowaste Biosorbents Target Analytes Removal Percentage (%) References
Eggshell powder Pb(II) 48.21 [4]
Granular bentonite-eggshell composites Pb(II) 99.90 [6]

Raw eggshell Cu(II) 97.06 [7]
Orange peel Cr(VI) 97.00 [10]
Modified orange peel Cd(In) 98.00 [11]
Chitosan/orange peel hydrogel composite g;((\{[l)) ! Zgi;’ [13]
Orange peel g{: ((IIII))' 2388' [34]
Orange peel Ccddn 88.34 [44]
Dragon fruit peel, Pb(II), 97.87, [65]
rambutan peel, and passion fruit peel Cd(II) 97.10

Eggshell waste Ni(II) 91.00 [66]

Kiwi, cucumber, and potato peel Methylene blue 99.90 [67]
Eggshell and orange peel powder film Cd(II) 99.95 This work

4. Conclusions

In this research, the eggshell-orange peel powder-banana starch film was prepared
by a solution-casting method. According to FESEM analysis, the eggshell powder particles
dispersed and adhered well to the starch matrix. In addition, the incorporation of orange
peel powder improved the structure of eggshell powder particles with no agglomeration
occurring, and eggshell-orange peel powder-banana starch films exhibited a porous surface
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with no cracks. Based on the AFM analysis, the XRD analysis revealed that the film has
a semi-crystalline structure containing the main peaks at 26 = 29.65° and 26 = 29.49° due
to the presence of calcite from eggshell particles. Furthermore, FTIR analysis showed that
the eggshell-orange peel powder-banana starch film has many functional groups that
contributed to the formation of hydrogen bonds and the compactness of composite films,
as well as its potential to produce a strong absorption band that is strongly correlated with
carbonate minerals in composite films. By integrating eggshell and orange peel powder,
the eggshell-orange peel powder—banana starch film exhibits improved thickness, density,
porosity, moisture content, water solubility, absorption, and vapor permeability when
compared with banana starch films. Eggshell and orange peel powder can improve the
mechanical strength, barrier properties, and hardness of the films without using cross-
linking agents. In addition to that, the removal efficiency experiments conducted obtained
the optimum pH at pH 8, 6 g of biosorbent dosage, 120 min of contact time, and 80 mg/L of
initial concentration of Cd(II) ions. The biosorbent film successfully removed 99.69 mg/L
of Cd(II) ions. Hence, this eggshell-orange peel powder-banana starch film is suitable to
be used for the adsorption of target analytes, such as toxins or dyes that are present in
food products.
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