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                     Abstract 
 The rapidly growing population increases the consumption of food, consequently raising the demand for packaging materi-
als that ensure safety from contamination and have a prolonged shelf life. Fruit and vegetable products, which are rich in 
nutrients, can suff er from post-harvest deterioration, but these issues can be mitigated with eff ective packaging. However, 
most packaging materials for fruits and vegetables are made of plastic, which often becomes a pollutant after initial use. 
The disposal of plastic packaging is challenging and poses signifi cant environmental harm. Therefore, it is essential to 
develop food packaging materials made from more suitable and environmentally friendly substances, such as biodegrad-
able or natural polymers. The study aimed to synthesize biopolymer nanocomposite fi lms using chitosan a natural polymer, 
combined with zinc oxide nanoparticles (ZnO NPs) and orange peel powder (OPP) to produce a reliable and biodegradable 
packaging material. Nanoscale ZnO was already recognised as “generally recognised as safe” for use in polymeric fi lms. 
OPP, in addition to being a promising organic fi ller candidate, off ers several advantages like it improve the photodegrad-
ability, polymer matrix’s, recyclable eminence, and ecological and economical sustainability. The structural features of 
the fi ne ZnO, OPP, and biopolymer nanocomposite fi lms were assessed using X-ray diff raction analysis Fourier-transform 
infrared spectroscopy (FTIR) was used to identify the presence of various functional groups in ZnO, OPP, and the formulated 
biopolymer nanocomposite fi lms. We also reported the thickness, mechanical properties, water absorption capacity, stabil-
ity at room temperature, and biodegradation tests of the optimized OPP@CS-ZnO-based biopolymer nanocomposite fi lms. 
This biopolymer nanocomposite fi lm can be eff ectively utilized for the packaging of fruit- and vegetable-based products. 
Additionally, it ensures that such novel materials are suitable for food packaging, minimizes the use of plastic, and contrib-
utes to an eco-friendly environment. 
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      Introduction 

 Rapid population growth has increased the demand for fresh 
food. Fruits and vegetables, which have a short shelf life, 
require eff ective packaging to maintain their nutrient con-
tent and extend preservation (Park et al.  2002 ; Pandey et al. 
 2023 ; Yadav et al.  2024 ). Food packaging plays a crucial 
role in modern food industries, serving multiple functions 
such as regulation, safety, portability, and product preser-
vation (Ozdemir and Floros  2004 ; Basavegowda and Baek 
 2021 ). To meet global food packaging needs, materials like 

paperboard, metal, paper, plastic, and glass are used, with 
plastics being common for their advanced properties. How-
ever, plastic waste’s environmental impact raises concerns 
about waste accumulation, health, and recycling challenges 
(Surana et al.  2024 ). Environmental concerns and resource 
depletion from non-biodegradable plastics are driving the 
shift to renewable, biodegradable polymers for disposable 
items (Seligra et al.  2016 ; Medina-Jaramillo et al.  2017 ; 
Mallick et al.  2020b ). Unique edible and biodegradable fi lms 
aim to reduce plastic waste but struggle with strength and 
processability. To solve this issue, biopolymer nanocompos-
ites off er enhanced properties as a solution (Othman  2014 ; 
Medina-Jaramillo et al.  2017 ; Mallick et al.  2020a ; Li et al. 
 2021 ). 

 Chitosan (CS) is valued for its unique properties, safety, and 
adaptability, making it useful in medicine, tissue engineering, 
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food packaging, and wound dressings. Its molecules contain 
both hydrophobic and hydrophilic components, enhancing its 
role as an emulsifi er in food applications (Azmana et al.  2021 ; 
Stoleru et al.  2021 ; Jurić et al.  2023 ). CS has poor solubility 
and insuffi  cient strength for heavy materials. Ivankovic and 
team found CS with 38.2 MPa tensile strength and 17% elon-
gation ideal for sustainable food packaging fi lms (Ivanković 
et al.  2017 ). To enhance the functional properties of CS fi lms, 
using fi llers is a highly preferred technique, with the incorpora-
tion of nanosized materials being extensively studied. 

 The application of cutting-edge materials in biodegrad-
able polymeric packaging is remarkable. In this context, zinc 
oxide nanoparticles (ZnO NPs) off er signifi cant advantages by 
enhancing biopolymer materials with non-toxicity, stability, 
and antimicrobial properties (Pattanayak et al.  2020 ,  2022 ; 
Nautiyal et al.  2022 ). ZnO NPs enhance biopolymer packag-
ing by strongly bonding with biopolymer molecules, improv-
ing physical properties signifi cantly with minimal quantities. 
In the biopolymeric packaging material, hydrogen and ionic 
bonds boost mechanical properties (Asiri and Lichtfouse  2019 ; 
Cui et al.  2021 ). The performance of CS fi lms has improved 
as a result of the incorporation of ZnO NPs. 

 Orange peel powder (OPP) is a byproduct of oranges 
used to strengthen biopolymeric composites. It is biode-
gradable, cheap, and eco-friendly, improving composite 
properties while recycling waste (Mamman and Ramalan 
 2020 ; Wu et al.  2022 ; Upadhyay et al.  2024 ). Using OPP 
fi ller improves biopolymeric composites properties and 
supports sustainability. Terzioglu and team used chitosan/
polyvinyl alcohol with orange peel (0.25–1.25 wt%), fi nding 
that even small amounts of orange peel enhance performance 
(Terzioğlu et al.  2021 ). Additionally, OPP has the potential 
to enhance the photodegradable and recyclable qualities of 
the polymer matrix (Fehlberg et al.  2020 ). 

 This study developed a unique biopolymer composite 
(OPP@CS–ZnO) for food packaging by synthesizing ZnO 
NPs and preparation of OPP, then combining them with CS. 
The composite and associated materials are analysed using 
X-ray diff raction (XRD) and Fourier-transform infrared 
spectroscopy (FTIR). Various tests assess the fi lms’ prop-
erties, including mechanical strength, water absorption, 
thickness, stability at room temperature, and biodegradabil-
ity through soil burial. These evaluations help determine 
the composite’s eff ectiveness for fruit- and vegetable-based 
packaging and its environmental impact. 

    Materials and methods 

   Materials 

 Zinc sulfate  (ZnSO 4 .7H 2 O, 99% pure) was purchased from 
Loba Chemie Pvt. Ltd. in India. Sodium hydroxide (NaOH, 

97.5% pure) pallets were obtained from Fisher Scientifi c 
India. Acetic acid (AA) glacial (99% pure) was acquired 
from FINAR, India. Loba Chemie Pvt. Ltd., India, sup-
plied CS (75% deacetylated shrimp shells). Ethyl alco-
hol  (C 2 H 5 OH, 99% pure) was received from Changshu 
Hongsheng Fine Chemical Co. Ltd., India. Whatman No. 
42 fi lter paper was purchased from Global Life Sciences 
Solutions India. The pH of the solution was measured by the 
digital pH meter 335, manufactured by Systronics. 

    Analytical characterizations 

 The materials’ crystal structure and nature were determined 
using a PAN analytical powder X-ray diff raction (XRD) dif-
fractometer with CuK radiation. The scanning was done in 
the 2θ range of 10°–80°. Further analysis of the raw data was 
conducted using ORIGIN Pro 2019b. The bond vibrational 
frequencies and distinct functional groups included in the 
synthesized fi lm were estimated using FTIR (Perkin Elmer). 
The tensile strength and percentage of elongation at break 
of the OPP@CS–ZnO fi lms were measured using a com-
puterized universal testing machine with the ASTMD 638 
method. The thickness of the fi lms (in µm) was measured 
with a vernier calliper (Deli Group Co., Ltd., Ningbo, China) 
with an accuracy of 0.01 mm. 

    Preparation of�ZnO NPs 

 The synthesis of NPs was carried out using the co-precipi-
tation method, as described in supplementary information 
(Sect.  1.1 , Eq. 1). Two solutions were prepared by dissolving 
0.1 M and 0.2 M  ZnSO 4 .7H 2 O and NaOH in distilled water, 
yielding 250 ml each. The precursor quantities and the fi nal 
outcomes are reported in Table 1 of supplementary infor-
mation, which is highly benefi cial for subsequent section 
assessment. These solutions were added dropwise to 250 ml 
of distilled water under continuous stirring using a magnetic 
stirrer (at 500 rpm for 2 h). The dropwise addition ensured 
proper mixing and reaction between the precursors. After 
allowing the suspension to settle overnight, it was fi ltered 
through Whatman No. 42 fi lter paper. The pH of the precipi-
tates was adjusted to 7.0 using a washing solution of ethyl 
alcohol and distilled water. Following fi ltration and repeated 
washing, the solid material was oven-dried at 105 °C for 
1 h. The resulting dried white precipitates were calcined at 
600 °C for 2.5 h. Finally, the obtained white powder was 
labelled as ZnO NPs for further use. 

    Preparation of�OPP 

 Orange peels were collected from a local market and prop-
erly cleaned with distilled water. Then the orange peels were 
transferred to the oven for overnight at 115 °C to eliminate 
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the moisture completely. Later on, the dried peels were 
crushed into a fi ne powder using a grinder and named OPP 
for further use. 

    Preparation of�polymer composite “ lm 

 The preparation of the composite fi lm involved the utiliza-
tion of CS as a polymer matrix and OPP and ZnO as fi llers. 
The optimization of the quantity of ZnO and OPP in the CS 
polymer matrix was conducted in three steps. First, only 
OPP was incorporated into the polymer matrix. Second, the 
preparation of the fi lm involved utilizing only ZnO in the 
polymer matrix. In the third step, both ZnO and OPP nano-
fi llers were reinforced into the CS-based polymer matrix to 
study the synergistic eff ect of OPP and ZnO on the resulting 
biopolymer nanocomposite fi lm. 

   Film preparation with OPP 

 The purpose of optimizing the amount of OPP is to prepare 
biopolymer fi lms. In this process, 1 g of CS is mixed with 
100 ml of 1% (v/v) AA to create a homogeneous blend. A 
magnetic stirrer was used at 500 rpm for 3 h to ensure uni-
form mixing. After this, OPP was added to the CS blend in 
amounts ranging from 0.1 to 0.6 wt% of the polymer matrix. 
To fully incorporate the OPP, the mixture was stirred for an 
additional 3 h at 500 rpm. All these mixtures are labelled as 
per their diff erences in weight, such as CS-0.1%OPP, CS-
0.2%OPP, CS-0.3%OPP, CS-0.4%OPP, CS-0.5%OPP, and 
CS-0.6%OPP. The mixture was then allowed to dry over-
night after the fi lm was prepared using the casting method. 
Finally, the petri plates were placed in a hot air oven at 
110 °C for an hour to remove any remaining moisture. 

    Film preparation with ZnO 

 To prepare a CS matrix-based fi lm reinforced with ZnO, 1 g 
of CS was dissolved in 100 ml of a 1% (v/v) AA solution. 
To create a homogeneous blend, a magnetic stirrer was used 
at 500 rpm for 3 h. After this period, ZnO was introduced 
into the same blend at diff erent concentrations of 0, 1, 2, and 
3wt% (of the CS polymer matrix). This mixture was stirred 
for an additional 3 h to achieve complete dispersion of ZnO 
in the CS-based polymer matrix blend. These blends are 
labelled based on the quantity of ZnO, such as CS-0%ZnO, 
CS-1%ZnO, CS-2%ZnO, and CS-3%ZnO. Finally, the cast-
ing method was applied to prepare the fi lm, and the mix-
ture was allowed to dry overnight. The petri plates were 
then placed in an oven at 110 °C for an hour to remove any 
remaining moisture. 

    Film preparation of combined ZnO and OPP 

 Mixing CS in its pure form with water and organic solvents 
is not possible, while it readily dissolves in dilute minerals 
and organic solvents (Fu and Xiao  2017 ; George and Ishida 
 2018 ). Therefore, fi lm formation was determined using 1 g 
of CS and 100 ml (1 v/v%) AA, mixed under continuous 
stirring (500 rpm for 3 h). To prepare the ZnO-incorporated 
solution, 0, 1, and 2 wt% ZnO (relative to the polymer 
matrix, CS) were dispersed into three diff erent CS solu-
tions, subjected to continuous stirring for 3 h, followed by 
15 min of sonication at 50 °C to ensure proper dispersion. 
Subsequently, 0.5 wt% (of polymer matrix, CS) OPP was 
added and mixed for 6 h to achieve a homogeneous blend. 
The mixture was poured into petri plates and allowed to dry 
overnight. Finally, the petri plates were placed in the oven 
at 110 °C for an hour to remove any remaining moisture. 

     Thickness assessment of�biopolymer 
nanocomposite “ lms 

 To determine the thickness of the biopolymer fi lms, a digi-
tal calliper with a precision of 0.01 mm was utilized. Five 
readings were obtained at various points on the biopolymer 
fi lm, with the fi rst point being the centre of the fi lm and 
the remaining points being selected at various locations. To 
minimize any potential experimental errors, the results were 
averaged. 

    Mechanical strength assessment of�biopolymer 
nanocomposite “ lms 

 Tensile strength and percentage of elongation at break were 
determined using a universal testing machine (UTM) that 
conforms to the ASTMD 882 standards of the “American 
Society for Testing and Materials”. The crosshead speed 
was set to 2 mm/min, and the grip had an initial separa-
tion of 40 mm. To obtain accurate results, three samples of 
each OPP@CS–ZnO-based biopolymer nanocomposite were 
tested, with each sample measuring 1 × 9 cm. The results 
were subsequently averaged to minimize any potential exper-
imental error (Mallick et al.  2019 ,  2020c ). 

    Water absorption test of�biopolymer 
nanocomposite “ lms 

 The water absorption test was performed on completely 
dried pure CS and various blends of OPP@CS–ZnO biopol-
ymer nanocomposite fi lms. To begin the testing process, 
the samples were precisely weighed and then immersed 
in distilled water for 24 h. Subsequently, the samples were 
taken out of the water, and the extra water on the fi lms’ 
surfaces was quickly taken down with tissue paper. Finally, 
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These fi ndings demonstrated that CS, ZnO NPs, and OPP 
were miscible.         

    Thickness measurement of�biopolymer “ lm 

 The thickness of the biopolymer nanocomposite fi lm is a 
critical parameter because it can signifi cantly aff ect the 
quality of packaged materials, as seen in the supplemen-
tary information in Fig.  2 a–c. The supplementary informa-
tion in Fig.  2 a (Sect.  2.3 ) shows that adding even a small 
amount of OPP to the CS polymer matrix noticeably changes 
the biopolymer fi lm thickness. Incorporating OPP in CS 
increases fi lm thickness from 40.12 µm to 41.1 µm as OPP 
rises from 0.1 wt% to 0.6 wt%. Adding 1 wt% ZnO results 
in a thickness of 40.8 µm, compared to 40.39 µm for pure 
CS, and 41.61 µm for 3 wt% ZnO (supplementary informa-
tion in Fig.  2 b). Supplementary information in Fig.  2 a and b 
indicates that the incorporation of both OPP and ZnO con-
tributes to the thickness of biopolymer fi lms. To optimize 
the composite, 0.5 wt% OPP and varying ZnO from 0 wt% 
to 2 wt% were used. 

 The thickness increased from 40.39 to 42.17 μm with the 
addition of varying amounts of OPP and ZnO, as shown in 
supplementary information Fig.  2 c. The pure CS biopolymer 
fi lm has the lowest thickness. Adding OPP and ZnO NPs 
increases thickness by fi lling gaps and interacting with the 
matrix. Evenly dispersed NPs (1–100 nm) maximize con-
tact within the fi lm (Sani et al.  2019 ; Krishnan et al.  2020 ; 
Wang et al.  2020 ). Thickening and suspending agents and 
interactions between components are the unique compound’s 
colloidal features, which are responsible for the enhance-
ment in fi lm thickness (Ahmad and Sarbon  2021 ; Roy et al. 
 2021 ). OPP acts as a thickener, increasing fi lm viscosity 

and fi lling gaps. ZnO fi lls voids in the polymer matrix but 
doesn’t thicken it like OPP. 

    Mechanical strength analysis of�biopolymer 
nanocomposite “ lms 

 The mechanical strength of biopolymer nanocomposite fi lm 
was analysed using tensile strength and elongation at break 
tests, which are inversely proportional. (Wang et al.  2007 ). 
Figure  3 a of supplementary information (Sect.  2.4 ) shows 
that adding OPP to the CS matrix increases tensile strength 
from 54.2 MPa to 58.1 MPa as OPP content rises from 0.1 
wt% to 0.5 wt%. However, 0.6 wt% OPP does not signifi -
cantly change the tensile strength compared to 0.5 wt%. The 
elongation at break test for the OPP and CS-based composi-
tions was highest (4.8%) with 0.1 wt% OPP and decreased 
with adding more OPP, with no significant difference 
between 0.5 wt% and 0.6 wt% OPP. Figure  3 b of supple-
mentary information shows the eff ect of ZnO loading (0 wt% 
to 3 wt%) in the CS-based matrix. Adding 1 wt% ZnO to the 
CS matrix increased the tensile strength to 56.7 MPa. With 
2 wt% and 3 wt% ZnO, tensile strengths were 59.6 MPa and 
60.2 MPa, respectively. However, increasing the loading 
amount of ZnO in the CS polymer matrix reduced elonga-
tion at break. The changes in elongation at break were not 
drastic when loading 2 wt% and 3 wt% ZnO in the CS-based 
polymer matrix; it is observed that 2 wt% may be the opti-
mized quantity to prepare the OPP@CS-ZnO biopolymer 
nanocomposite fi lm. 

 Figure   3 c of supplementary information shows that 
adding ZnO and OPP signifi cantly improves the polymer 
matrix’s tensile strength and elongation at break. CS fi lm 
has the lowest tensile strength, while CS with 2 wt% ZnO 
and 0.5 wt% OPP has the highest. The mechanical strength 

  Fig. 2       FTIR spectra of  a  pure CS fi lm,  b  the powder samples of the ZnO NPs and OPP, and  c  CS biopolymer nanocomposite fi lm with OPP and 
diff erent amount of ZnO  
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synergistic eff ects of both fi llers. The observed decrement in 
water uptake at equilibrium can be attributed to two key fac-
tors. Firstly, highly crystalline ZnO exhibits less hydrophilic 
properties than CS, thereby contributing to a reduction in 
water uptake (Khan et al.  2012 ). Secondly, the emergence of 
the fi ller and matrix components interact strongly to promote 
the formation of a more robust composite material, which is 
less susceptible to water absorption.         

    Analysis of�stability and�biodegradation 
of�biopolymer nanocomposite “ lms 

 The assessment of stability at room temperature and biodeg-
radability of the potentially suitable biopolymer nanocom-
posite fi lms are discussed in subsequent section. 

   Stability assessment of biopolymer nanocomposite fi lms 

 The stability assessment of the pure CS and OPP@CS-
ZnO-based biopolymer nanocomposite fi lms are shown in 
Fig.  4 . The shelf life under room temperature conditions was 
assessed from the preparation day up to 15 days. The weight 
diff erence from the preparation day was analysed. The stabil-
ity of pure CS and OPP@CS-ZnO-based biopolymer nano-
composite depends on several factors, such as dehydration 
temperature and the presence of degrading chemical and 
biological compounds in the environment. Studies have 
reported that CS undergoes dehydration when tempera-
tures exceed 23 °C (Rodrigues et al.  2020 ). The CS-based 
biopolymer nanocomposites containing diff erent quantity 
of ZnO and fi xed quantity of OPP are presented in Fig.  4 . 
During dehydration, water bound to the hydrophilic groups 
of CS molecules is released. The addition of OPP and ZnO 
does not signifi cantly alter the dehydration temperature of 

CS molecules. Additionally, environmental gases interact 
with the biopolymer nanocomposite fi lms, and the release 
of these molecules contributes to the weight change from 
the originally preparation biopolymer nanocomposite fi lms. 
Furthermore, biological compounds present in the environ-
ment attack the biopolymer composite material, substantially 
reducing its weight.         

    Biodegradation analysis 

 Nwe and his associates observed that, within a period of 
1–7 days, the degradation of CS-based nanocomposites was 
signifi cantly high. If biopolymer nanocomposite fi lms are 
prepared using easily biodegradable materials, this result 
can exceed 60%, but other functional properties will be com-
promised (Nwe et al.  2020 ). Organic and inorganic fi llers 
enhance the functional properties of CS-based biopolymer 
nanocomposite fi lms. Figure  5  shows that during biodeg-
radation, CS fi lms undergo a complex sequence of events 
leading to the disintegration of polymer chains and the ulti-
mate conversion of these fi lms into more basic substances. 
Water penetration into the CS layer initiates swelling at the 
onset of biodegradation, as observed from 7 to 91-day peri-
ods, during which degradation is relatively minimal. This 
hydration process facilitates the diff usion of microorganisms 
and enzymes into the fi lm matrix. Enzymatic degradation, 
particularly by enzymes like lysozyme, proteases, and chi-
tosanase, plays a crucial role in breaking down glycosidic 
linkages in CS.         

 The suggested mechanism of CS degradation involves 
depolymerization, the random breakage of β 1,4-glyco-
sidic links, followed by deacetylation, or the hydrolysis of 
N-acetyl linkage. This leads to a reduction in molecular 
weight and an increase in the degree of deacetylation. Our 
fi ndings unequivocally demonstrate that changes in CS have 

  Fig. 4       Shelf-life assessment of optimized biopolymer nanocomposite 
fi lms under laboratory conditions  

  Fig. 5       Analysis of degradation of biopolymer nanocomposite fi lms 
among the particular durations  
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a signifi cant impact on the decomposition of tested mate-
rials (Wrońska et al.  2023 ). The addition of OPP plays a 
distinct role in degradation due to its similar nature to CS 
and its inherent hydrophilic properties. While OPP exhibits 
antimicrobial characteristics, preventing food contamination 
and deterioration, its resistance to microorganism action in 
soil-buried conditions extends the duration of degradability. 
However, the incorporation of ZnO has enhanced the funda-
mental properties of the fi lms while extending the degrada-
tion period. Even a small amount of ZnO makes a noticeable 
diff erence in ZnO-based biopolymer fi lms, evident in the 
reduced rate of degradation. 

     Cost analysis 

 The cost assessment is performed in two sections: the fi rst 
portion contains the cost analysis of the synthesized ZnO 
NPs, while the second portion covers the cost estimation of 
an optimized biopolymer nanocomposite fi lm (supplemen-
tary information, Eq. 8, Table 2). The cost assessment of the 
optimized biopolymer nanocomposite fi lm, which includes 
materials such as ZnO, CS, AA, and OPP, was performed, 
focusing solely on material costs. The fi nal cost of the opti-
mized biopolymer nanocomposite fi lm, OPP@CS-2%ZnO, 
is 29.6317 INR. This cost estimation is detailed in Eq. 9 and 
Table 2 of the supplementary information. 

     Conclusion 

 The successful formulation of biopolymer nanocomposite 
fi lms involves incorporating ZnO NPs and OPP into the CS 
matrix. The properties of the OPP@CS-ZnO biopolymer 
nanocomposite films were thoroughly investigated, and 
the fi ndings were properly analysed. The crystalline ZnO 
NPs, with an average size of 20.86 nm, and amorphous OPP 
were uniformly distributed throughout the CS-based poly-
mer matrix. The production of ZnO NPs, OPP, and OPP@
CS-ZnO-based biopolymer nanocomposite fi lms was con-
fi rmed through XRD and FTIR analysis. The FTIR spectra 
indicated the formation of new bonds between OPP, CS, and 
ZnO NPs. The ZnO NPs and OPP signifi cantly infl uenced 
the fundamental properties of the OPP@CS-ZnO biopoly-
mer nanocomposite fi lms. The optimized diff erently loaded 
amounts of ZnO NPs (0–2 wt%) and fi xed loading quantity 
of OPP (0.5 wt%) were mixed with the CS matrix to pro-
duce the fi lms: OPP@CS-0%ZnO, OPP@CS-1%ZnO, and 
OPP@CS-2%ZnO. Among these biopolymer nanocomposite 
blends, OPP@CS-2%ZnO exhibited highly improved prop-
erties in terms of mechanical strength, fi lm thickness, and 
stability at room temperature, along with low water absorp-
tion, and a slower rate of degradation. Consequently, OPP@
CS-2%ZnO outperformed other biopolymer-based fi lms in 

terms of essential properties. The optimized biopolymer 
nanocomposite fi lm can be prominently utilized in the food 
packaging sector, especially for fruits and vegetables. 

                  Supplementary Information     The online version contains supplemen-
tary material available at   https:// doi. org/ 10. 1007/ s43538- 024- 00339-1    .  
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