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ABSTRACT

           This review explicitly defined about biodegradable film from Cellulose for fruit and vegetable Packaging.  Plastic polymers are used in packaging of fruits and vegetables in a large way due to their qualities such as flexibility in molding, cheap rate, good printability, and resistance against various environmental and mechanical factors. It is a major challenge worldwide for quality maintenance and extension of fruits and vegetables shelf life. Fruit and vegetable packaging is very vital for maintaining its quality throughout the post-harvest life. The main materials used for fruit and vegetable packaging are high and low-density polyethylene, polyethylene terephthalate, polyvinyl chloride, polystyrene and polypropylene. The food industry largely uses plastic material because of its availability in abundance and for providing good performance at a very low cost. The high consumption of plastics for packaging is creating environmental problems and health hazards . Plastics are non-biodegradable possessing a high degree of limitations as their recycling is hindered. Polymers from natural resources exhibit biodegradable quality and they have the potential to develop novel packaging films. Among the natural polymers, cellulose is a material possessing unique properties as a result of which it has immense applications in the packaging industry. The preparation methods of the biodegradable packaging film have been reviewed here.  The ingredients of packaging film decide its properties. The mechanical properties such as the tensile strength of the films can be improved by adding cellulose with other materials. To achieve this, novel solvents such as LiCl/DMAc, ILs, TBAH/DMSO, NMMO, alkali/urea solutions, and metal-complex solutions could be incorporated into cellulose-based films. Cellulose films prepared by blending cellulose with other polymers such as synthetic polymers, natural polymers, proteins, enzymes, metal particles, and plant phenols are also investigated. Future research is focused on producing good and biodegradable cellulose-based films for packaging fruits and vegetables. 
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 Introduction
            
            “ Packaging is a food preservation technology widely used in the world. Naturally-sourced, biodegradable polymers are becoming increasingly popular in the food packaging sector. Packaging films prepared using cellulose as raw material would contribute to resource sustainability, but the difficulty of cellulose solubilization limits their further development” (Liu et al., 2023).  “The role of packaging has increased due to changing consumer preferences. These packaging materials should extend the shelf life and maintain the quality of fruits and vegetables after they are harvested, till the time they are consumed. Plastic polymers are used in the packaging of fruits and vegetables largely due to their qualities such as flexibility in molding, cheap rate, good printability, and resistance against various environmental and mechanical factors. The prime materials used in packaging of horticultural produce are high and Low-density polyethylene, polyethylene terephthalate, polyvinyl chloride, polystyrene and polypropylene. These materials represent approximately 90% of total plastic production” (Napper and Thompson, 2019, ).  “These plastic-based packaging materials pose a threat to environmental security, as these take a long duration to degrade, as a result of which they pose a risk of releasing harmful substances in their vicinity due to which, the quality of food is affected” (Horodytska et al., 2018). “Packaging is one of the mandatory unit operations in the food industry. However, the immense use and uncontrolled disposal of plastics are causing serious problems in the eco-system” (Mendes and Pedersen, 2021 ; Jiang and Ngai, 2022).
                      “In view of this, the demand for packaging materials for horticultural produce, from renewable and biological resources has increased” ( Xie et al., 2021). “In   recent   years,   the   growing   environmental issues  associated  with  the  overuse  of  synthetic plastics  have  prompted  significant  research  into sustainable   alternatives.   Biodegradable   films have  emerged  as  viable  substitutes  due  to  their natural   degradation   capabilities,    which   help mitigate  pollution” (Shiam et al., 2024). “Biodegradable material is capable of decomposing into carbon dioxide, methane, water, inorganic compounds, or biomass, due to the enzymes present in microorganisms.” (Tian  and  Bilal, 2020). “Bioplastics have properties (e.g., tensile strength) comparable with those of the listed fossil-based plastics. Bioplastics can be adopted as alternatives to conventional plastic materials in some applications of food packaging, leading to a reduced carbon footprint in plastic production and lower environmental impact because of their biodegradability. The tensile properties of plastics dictate their performance under stress and are important for design of plastic parts and protection of food packaging. The tensile strength depends on the plastic type, chemical modification, additives, and processing conditions. Bioplastics can have a similar tensile strength as conventional plastics, offering comparable mechanical performance that is highly suitable for rigid food packaging needs” (Zhao et al., 2023).
“The objective of biodegradable plastics is efficient waste disposal.   The “bioplastics” can be recycled at the end of their life cycle. Bioplastics are not only incinerated, deposited in landfills, and subjected to pyrolysis, but they can also be disposed of by biological means. Some technical problems in biodegradable plastics remain to be solved. These new plastics can in principle be degraded either by large-scale composting or by industrial anaerobic fermentation. Biodegradable plastics will also decompose in natural water bodies or biological sewage treatment plants. These biodegradable plastics are made from natural carbohydrates such as starch and cellulose.The biodegradable packaging materials consist of polymers of natural origin (starch, gelatin, collagen, zein, chitosan, cellulose, pectin or waxes) or synthetic origin such as polylactic acid, polycaprolactone and polyvinyl alcohol” (Pavlath and Orts, 2009; Skurtys et al., 2014; Tian  and Bilal, 2020). Polylactic acid (PLA), polyhydroxy butyric acid (PHB), and thermoplastic starch are also promising alternatives to petroleum-based packaging films. 

Bio – Polymers used in biodegradable film
              “Biomaterials such as polysaccharides (such as starch, cellulose, pectin, alginate, and chitosan), proteins (like soy protein, caseinates, corn zein, and whey protein), and lipids (including beeswax, oils, and free fatty acids) play an important role in creating sustainable and innovative packaging solutions for fruit and vegetables. These biopolymers have inherent advantages, such as enhancement of food safety, preserving food quality, and increasing shelf life of fruits and vegetables” ( Han et al., 2020 ). “The problems associated with biopolymers are their mechanical and physical properties which pose limitations and constraints in food packaging applications. Hence, the need of the hour is to find biopolymers with reinforced properties so as to fabricate specific purpose-oriented packaging films.Polylactic acid (PLA) is a completely biodegradable polymer which breaks down to carbon dioxide and water. Polyhydroxy buterate (PHB) is also a bio-polymer obtained by fermenting sugar. It can be degraded at a faster rate and will not pollute the environment. PLA is a biodegradable thermoplastic consisting of aliphatic (non-aromatic and non-cyclic) polyester group derived from lactic acid. This lactic acid present in PLA is produced from the fermentation of agricultural by-products such as cornstarch or other starch-rich substances like maize, sugar and wheat. High molecular weight PLA is produced through ring-opening polymerization of lactide using a (stannous octoate) catalyst. The resulting thermoplastic film possesses good moisture-barrier properties. The film is able to withstand the rigors of injection molding and blow- or vacuum-forming processes. The most cost-effective film is the biodegradable film. Its mechanical and transparency properties are similar to those of polystyrene (PS) or polyethylene terephthalate (PET) films. Further the film has good qualities and  exhibits stable performance, making it a promising biodegradable film. In the recent past,  PLA  has been utilized in the production of loose-fill packaging material, food packaging material and disposable food service items. The incorporation of PLA and PHB in the fabricated films makes it brittle, thermally instable, susceptible to degradation, and difficulty in heat sealing” (Phuong et al., 2014; Huang et al., 2019).  Hence, materials exhibiting complementary properties to these “bioplastics” find a place in biodegradable films. (Jiang and Ngai, 2022 ; Huang et al., 2019).

        

Natural Polymers

             “In the recent past, natural polymers have commanded good demand in the industrial sector. They are frequently employed for food packaging because of their biodegradability and practicality with respect to economics.  The most abundant natural polymer on earth is Cellulose and it is projected that it will become the main chemical resource in the coming days” ( Schurz, 1999). “Cellulose is considered to be an inexhaustible source of raw material due to the increase in demand for environmentally friendly biocompatible products” (Klemm, et al., 2005). “However,  cellulose is not yet exploited to the fullest extent due to the lack of an environmentally friendly method and limited number of common solvents that readily dissolve cellulose” (Zhu et al.,2006).  “Cellulose is regarded as a good material for the creation of stable natural film due to its unique molecular structure”. (Diaz- Cruz et al., 2022). The preparation of composite films by blending cellulose and nanocellulose (NC) with starch can not only decrease the cost but it can also improve the overall performance of the films. Chipón (2022) combined “potato starch with cellulose nanocrystals (CNCs), and the results showed that starch-NC composites blend well for the production of food packaging material and bioplastics. Chitosan is another polysaccharide that has been employed to create composite films. It can be successfully used as an antimicrobial packaging material so as to enhance the shelf life of food, but the mechanical properties of CS are poor. The addition of plasticizers to CS films can improve their elongation at break and reduce mechanical strength substantially. The presence of hydroxyl groups on cellulose creates room for strong interaction with CS. Thus, by blending cellulose with other natural polymers, high-quality packaging materials can be produced. Cellulose is a over-reactive biopolymer which has large number of hydroxyl groups in its structure” ( Liu et al., 2018 ; Jaffer et al,. 2022).  “This can be chemically modified through various reactions such as esterification, etherification and oxidation. This gives cellulose new properties while protecting its degradable properties” (Liu et al., 2021; Pooresmaeil et al., 2019).  “Cellulose as a packaging material, has good biodegradability and excellent physical and mechanical properties This makes it one of the most suitable natural polymers for use in films” (Lie et al., 2021, Zhang et al., 2022). “However, cellulose also has some drawbacks, such as high water absorption and poor interfacial adhesion” ( David et al., 2019)

Proteins

          In the recent past, the development of composite packaging films by blending NC with a protein matrix has received widespread attention The overall performance of the film can be improved by adding complementary film-forming components. For example, Pan et al. (2020) prepared composite films by blending microcrystalline cellulose with gelatin. The tensile strength and modulus of elasticity of composite films (with cellulose) were improved, and the swelling ratios and elongation at break decreased.

Cellulose based films
                 “In recent years, cellulose, has emerged as an ecofriendly material with the potential for using it as a packaging material.  It is widely available, renewable and biodegradable. Cellulose is a natural linear polymer composed of β-(1,4)-linked D-glucose units. This cellulose  chain consists of about 500–14000 D-glucose units” (Trovatti, E. 2013; Zhang et al., 2016,)  “Abundant hydroxyl groups in the cellulose molecular chains promote the formation of hydrogen bonds, thus allowing the molecular chains to form tight cellulose polymers” (An et al., 2022). “Cellulose is found abundantly in all plants  and thus  it is a very inexpensive natural resource. It is, however, difficult to use cellulose in packaging because of its hydrophilic nature, poor solubility characteristics, and highly crystalline structure. The alternating hydroxyl side chains along the cellulose backbone are the reasons for the poor moisture-barrier properties of cellulose based films. They also are responsible for highly crystalline structure of cellulose which, results in a  brittle, less flexible  and poor tensile strength packaging film. Due to this, research work has been focused on the development of cellulose derivatives for use in packaging applications. Cellulose also exhibits high thermal resistance, and possesses antioxidant properties” (Bayram et al., 2021). “The use of cellulose is restricted due to its lower solubility. Cellulose is not readily soluble in conventional solvents due to its complicated hydrogen bonding network and the presence of a partially crystalline region. Another problem with cellulose is its high hydrophilicity, These challenges have to be addressed as top priority. The properties of cellulose-based films have been improved by adding polymers to reduce their hydrophilicity and increase their bacterial inhibition ability” (Zhang et al., 2015). “The film made from cellulose should exhibit barrier capacity, thermal stability, antioxidant capacity, antibacterial capacity, and mechanical strength. Cellulose is a biodegradable polysaccharide which can be dissolved in a mixture of sodium hydroxide and carbon disulphide to obtain cellulose xanthate and then recast into an acid solution (sulfuric acid) to make a cellophane film” (Cyrus et al., 2009;  Peterson et al.,1999 ) “Alternatively, cellulose derivatives can be obtained by esterification or etherification of hydroxyl groups. Due to its chemical structure, cellulose is highly crystalline, fibrous, and insoluble. Many derivatives of cellulose have excellent film-forming properties but are simply too expensive for use on a large scale.Rice (Oryza sativa L.) is a primary source of food and it is the world’s second most important cereal crop. Rice husk (RH) is a by-product obtained by processing rice. It is an agricultural waste which cannot be incinerated due to the production of harmful gases and fumes that cause air pollution” (Yap et al., 2021). “Therefore, this rice husk should be recycled through alternative use. RH can be used as a natural reinforcement material for biocomposites production due its biodegradability, unrestricted supply and low price” (Yap et al., 2021; Arjamandi et al., 2015 ; Pode et al., 2016). “Using of RH residues in biocomposites offers many advantages like, reducing the relative amount of constituents obtained from synthetic polymers”. (Yap et al., 2021).  “The main constituents of RH  are cellulose, hemicelluloses, lignin and silica. The most widely used polymers for the preparation of biocomposites based on rice husks  (as a natural reinforcement), are polyethylene (PE), polypropylene (PP) and polyvinyl chloride (PVC). Polyethylene (PE) is one of the most widely used thermoplastic in the world. Polyethylene has many good properties such as toughness, excellent chemical inertness, low coefficient of friction, ease of processing and low electrical conductivity. The objective of using RH is to serve as a biodegradable filler for LDPE and to produce eco-environmental composites. Cellulose  solvents are Ionic liquids which are  considered as green solvents because of their non-volatility and reusability. They possess very good solvent properties, such as high thermal stability, high polarity, good electrical conductivity, and nonflammability” ( Rabideau et al., 2022). “Ionic liquids  popularly used to dissolve cellulose is imidazolium-based, which includes, 1-allyl-3-methylimidazolium chloride (AmimCl), 1-butyl-3-methylimidazolium acetate (BmimOAc), 1-ethyl-3-methylimidazolium acetate (EmimAC), and 1-ethyl-3-methylimidazolium diethyl phosphate (EmimDEP)” ( Azimi et al., 2022). Xia et al. (2022) used “AmimCl as the solvent to produce cellulose-based film which exhibited good hydrophobicity and high tensile strength, as well as good UV-shielding properties. Cellulose-based films have considerable potential for applications in the packaging industry”. In another study, Sundberg et al. (2013) used “EmimAc solution to prepare films by dissolving three different molecular weights of cellulose (microcrystalline cellulose (MCC), spruce cellulose, and bacterial cellulose (BC)). All the fabricated films were free of EmimAc residues and exhibited good optical transparency. The salient feature of  the films were the mechanical properties due to the length of the cellulose chains. The main disadvantage of ionic liquids is the high temperature required for dissolving cellulose in the process of fabrication of films”. 

            “DMAc/LiCl ( N-dimethylacetamide/lithium chloride ) is a  non-aqueous cellulose solvent  that has played a vital role in the development of cellulose-based materials” ( Ali et al.,2020). Montoya-Rojo et al. (2021) fabricated films by obtaining  cellulose from Musaceae leaf sheaths  and dissolving them in  DMAc/LiCl system. The film  so obtained had very good mechanical properties and optical transparency. Zhao et al. (2019) fabricated “cellulose films from rind of durian using  DMAc/LiCl solution. The film had good biodegradability as it degraded to an extent of 100%  in soil within 4 weeks. N-Methylmorpholine-N-Oxide (NMMO) is an aliphatic cyclic tertiary amine oxide” ( Egorov et al., 2021). “NMMO is  biodegradable and non-toxic. Activation of cellulose by NMMO  increased its dissolution rate. However, NMMO, possessing  strong oxidation property, is very sensitive to wide range of chemicals and involves many complex hemolytic (radical) and heterolytic (ionic) degradation reactions , due to this the ability of NMMO to dissolve cellulose decreases” (Nguyen et al., 2022)


             “Alkali hydroxide solution is an efficient non-derivative solvent widely which can be used to dissolve cellulose. At lower temperatures, alkali hydroxide solution can dissolve cellulose below 250 degree of polymerization. Urea has been added to an alkali hydroxide solution to improve its ability in dissolving cellulose” (Isoble et al., 2013). Cellulose cannot be dissolved directly by using urea. Yang et al. (2011) used “the alkali (NaOH or LiOH)/urea (AU) solution as a solvent to prepare regenerated cellulose films, The films prepared had  good oxygen barrier properties which was better than conventional packaging materials”. Qi et al. (2011)  prepared “cellulose-based films in an aqueous NaOH/urea solution system pre-cooled to −12°C. The film was transparent, structurally homogeneous with excellent light transmission properties and good tensile strength The effects of NaOH/thiourea, NaOH/urea/thiourea, and NaOH/urea/ZnO were compared on cellulose solubility. Among them, the highest tensile strength was depicted by cellulose films prepared by using NaOH/urea/ZnO” ( Han and Seo, 2024)
                 “Inorganic salt hydrates are environmentally friendly, non-derivatizing, non-toxic, cheap, and easily recyclable for dissolving cellulose” (Mary et al., 2019). “Many inorganic salt systems can dissolve cellulose. The examples are ZnCl2 hydrate, CaCl2 hydrate, LiI⋅hydrate, LiSCN⋅hydrate, as well as the mixture of NaSCN/KSCN with LiSCN⋅3H2O” (Zhang et al., 2018). Shu et al. (2022) used “cotton linter pulp as a source of cellulose and dissolved it in  ZnCl2/CaCl2 hydrate system and then fabricated cellulose films by solvent removal using ethanol solution. Tetrabutylammonium hydroxide (TBAH) is an aqueous solvent that exhibits the ability to dissolve high amounts of higher molecular weight cellulose under” (Wang et al., 2020) . Moreover, Zhang et al. (2019) reported that  “at room temperature TBAH as a solvent of cellulose can dissolve up to 25% of”. 

Synthetic Polymers

“Synthetic polymers are very popular and are widely used, as their development has huge
implications for the economy and environment. As Bio-biological-based synthetic polymers are degradable and renewable, they are environmentally friendly materials” (Jung et al., 2022). “Among biodegradable materials, poly-3-hydroxybutyrate (PHB) and polylactic acid (PLA) are often utilized. The composite film made using PLA and PHB possesses very good mechanical properties and barrier properties, as a result of which it could be widely used in the food packaging industry. PBAT is a linear aromatic co-polyester obtained from the condensation of 1,4-butanediol along with a mixture of terephthalic acid and adipic acid. PBAT exhibits very good properties at a terephthalic acid concentration of more than 35% mol. As the content of  terephthalic acid increases above 55% the biodegradation rate of PBAT decreases. PBAT is flexible and soft like PCL. Hence, it is used in the production of films, filaments, bottles, and moulded products. PBAT can also be blended with cellulose, starch, and other biodegradable polymers. PBAT is blended with cellulose to improve the hydrophobicity, mechanical, and thermal properties”. (Javadi et al., 2010).

Use of Nano particles for fabrication of films

            Nanoparticles of some metals such as gold, silver, copper, iron, titanium, and zinc have antibacterial activity. Metal nanoparticles deactivate microorganisms as a result of the continuous release of ions which, microorganisms adsorb from the reaction medium. Mamatha et al. (2020) prepared “antimicrobial cellulose nanocomposite films using silver (Ag) and copper (Cu) bimetallic nanoparticles. The bimetallic nanocomposites had higher strength and stability when compared to monometallic nanocomposite films. The nanocomposites exhibited good antibacterial activity against Gram-positive and Gram-negative bacteria. These cellulose nanocomposite films can be readily used for food packaging materials.  There is a change in the mechanical properties of cellulose films incorporated with nanoparticles” (Evyan et al., 2017). Ag-NPs absorbs and decompose ethylene (Hu and Fu, 2003), which plays a vital role in extending shelf life of fruits and vegetables.  Li et al. (2009) reported that “a nanocomposite PE film with Ag-NPs  retards the senescence of jujube, a Chinese fruit”. An et al. (2008) reported that “a coating containing Ag-NPs is effective in decreasing microbial growth and increasing the shelf life of asparagus”.

Different Properties of Cellulose-Based Films

       “The usage of oxygen barrier materials is becoming increasingly popular in the food packaging industry. Oxidation in packaged fruits, and vegetables can cause nutrient loss, changes in color, undesirable odor production, and an increase in growth of spoilage-causing microorganisms. Appropriate usage of different materials for the packaging of fruits and vegetables is decided by their oxygen permeability. Biodegradable polymers such as PVA have high oxygen barrier properties under certain conditions (due to their hydrogen bonding). Under humid conditions, high water absorption capacity leads to a significant reduction in their oxygen barrier properties. This water absorption capacity, increasingly limits their application as food packaging material. Cellulose films, when mixed with other polymers, can improve the oxygen barrier qualities. Cellulose film’s ability to block oxygen became stronger with increasing content of cellulose nanofibers” (Resende et al., 2018). 

           “ The shelf life of food is significantly influenced by the exchange of water vapor between food and its environment. The angle of contact with water is an important indicator of the hydrophilicity of film surface. Cellulose-based film surfaces making a contact angle of below 90° are considered hydrophilic. Cellulose is not a water-soluble polymer, but it has many polar groups on its surface which interact with water molecules via hydrogen bonds. As a result of this, cellulosic materials slowly absorb water from the environment during storage”  (Tong et al., 2020). Hydrogen bonding between the cellulose chains also decides the solubility of a film.


                “Mechanical properties of films play a decisive role in the packaging of foods. Cellulose is mainly used to prepare laminated films. The addition of cellulose contributes to polymer blending and enhances the mechanical properties of films” (Zhang et al., 2021). Young’s modulus, stress (σ), strain (ε), and tensile strength (T) are the parameters generally used to evaluate a material’s mechanical characteristics. Supanakorn et al. (2021)  discovered that “the composite film of Carboxymethyl cellulose and natural rubber possesses good mechanical properties, high water absorption capacity, good water vapor permeability, solvent resistance, and biodegradability”. 

                  The quantity of cellulose added decides the thermal stability of cellulose-based composite films. Suwan prateep et al. (2019) prepared “films by blending cellulose fibers with rice starch bases and showed that the thermal stability increased with the increase of cellulose proportion. The highest thermal stability was obtained for the composite film containing 8% cellulose fiber content”.

               Food packaging materials with antimicrobial properties can help prevent food spoilage due to microbes. Hu et al. (2022) prepared “cellulose-based films containing lysozyme (lyys), and showed that the films inhibited common foodborne pathogenic bacteria. Similarly, the cellulose-based composite film with The addition of blackcurrant anthocyanin (BCA) and konjac glucomannan (KGM)  to cellulose-based composite films inhibited foodborne pathogenic” bacteria (You et al., 2022) 

 Conclusion

                 Fruits and vegetables which are a packed house of nutrients have short shelf-life. Hence proper packaging is mandatory for the extension of the shelf life of fruits and vegetables. In order to ensure the highest quality standards for fruits and vegetables, the packaging film plays an important role. Biopolymers meet the objectives of safeguarding the environment by exhibiting thermal resistance, barrier to gases and possessing mechanical properties. Compared with traditional packaging films, biodegradable packaging materials are expensive and have poor mechanical properties. These are the main reasons for their limited applications. Favourable results can be obtained by the integrated use of biodegradable packaging and edible coatings. The use of biodegradable films and edible coatings provides an environmentally favourable technology which offers remarkable advantages for extension of the shelf-life of fruits and vegetables. Research trials conducted in the recent past have depicted that studding biodegradable materials with silver-montmorillonite nanoparticles would emerge as a promising technique. Biodegradation opens up a promising path for environmental waste management, and increasing the shelf life of fruits and vegetables.
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